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PREFACE 
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AEDC  and  Dr.  B.  T.  Wolfson  for  AFOSR.  The  data  analysis  was  completed  on  July  30, 
1979,  and  the  manuscript  was  submitted  for  publication  on  September  25,  1979. 
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personnel;  Mr.  W.  T.  Bertrand,  who  conducted  the  infrared  emission-absorption 
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1.0  INTRODUCTION 

Recirculating  flow  fields  established  by  turbulent  jet  mixing  of  two  coaxial  streams 
in  a  constant-area,  axisymmetric  duct  occur  in  many  industrial  and  aerospace  burner, 
furnace,  and  combustor  configurations.  The  so-called  “sudden”  expansion  or  “dump” 
combustors  used  in  ramjet-rocket  propulsion  systems  are  designed  on  the  principle  of 
establishing  and  maintaining  combustion  in  regions  of  recirculating  flow  within  the 
combustor.  Historically,  combustors  have  been  designed  by  “cut  and  try”  methods.  While 
such  methods  have  led  to  practical  and  thermodynamically  efficient  combustors,  they  are 
time-consuming  and  expensive.  More  recently,  systems  have  been  encountered  in  which 
the  design  criteria  cannot  be  pragmatically  achieved  by  purely  experimental  means.  The 
ability  to  deal  with  such  advanced  systems  problems  requires  detailed  knowledge  of  both 
the  fluid  mechanical  processes  and  the  coupling  between  the  turbulent  flow  and  the 
chemical  reactions. 

The  purpose  of  the  study  reported  herein  was  to  obtain  data  to  aid  in  the 
development  and  evaluation  of  analytical  techniques  to  analyze  and  predict  the  turbulent 
mixing  and  combustion  phenomena  which  occur  in  a  wide  variety  of  engineering 
applications.  This  development  requires  data  on  many  different  flow  configurations  if  the 
techniques  are  to  be  general  and  applicable  to  more  than  a  limited  number  of 
configurations.  Experimental  data  are  available  for  boundary-layer-type  flow,  but 
development  and  evaluation  of  analytical  models  for  ducted,  recirculating  flow 
configurations  has  been  hampered  by  the  lack  of  detailed  experimental  flow-field 
information  for  such  configurations. 

Radial  distributions  of  total  pressure,  mean  axial  and  radial  velocity,  turbulence 
intensity,  gas  composition,  velocity  cross-correlation,  static  temperature,  and  wall  static 
pressure  distributions  were  obtained  in  a  confined,  axisymmetric,  recirculating  flow  field 
typical  of  a  dump  combustor.  The  measurements  were  obtained  both  with  and  without 
chemical  reactions  at  one  fixed  stoichiometry.  The  data  may  be  used  as  a  guide  for 
design  estimates  for  combustors  or  combustion  processes  and  as  an  aid  in  developing  and 
evaluating  theoretical  models  and  predictive  techniques  for  such  flows  and  processes.  The 
data  are  tabulated  in  Appendix  A. 

The  essential  features  of  the  recirculating  flow  field  are  shown  in  Fig.  1.  For  a 
certain  range  of  fluid  influx  conditions,  jet  mixing  of  coaxial  streams  leads  to  the 
creation  of  an  eddy  of  recirculating  fluid  existing  on  a  time-averaged  basis  as  a  toroidal, 
highly  vortical  region  with  high  turbulent  intensities  and  relatively  low  average  velocities. 
The  eddy  of  the  recirculating  region  is  generated  when  the  “entrainment  or  pumping 
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capacity”  of  the  higher  velocity,  primary  jet  stream  is  greater  than  the  mass  flow 
available  in  the  outer,  lower  velocity,  secondary  stream.  For  those  conditions,  the 
primary  jet  "establishes”  the  recirculation  eddy  which  provides  mass  flux  to  balance  the 
jet  entrainment  requirements.  The  recirculation  eddy  can  exist  with  or  without  secondary 
flow.  However,  as  the  secondary  mass  flow  rate  is  increased  to  some  critical  ‘‘blow-off” 
value  with  a  constant  primary  jet  mass  flow  rate,  the  recirculation  eddy  structure 
disappears  and  the  duct  flow  becomes  characterized  by  positive  axial  velocities 
throughout  the  flow.  The  pertinent  features  which  may  be  used  to  describe  the 
time-averaged  flow  field  with  recirculation  are  as  follows: 

1.  the  axial  location  of  the  characteristic  time-averaged  stagnation  points  on 
the  duct  wall,  denoted  Xf-g  and  Xrs  in  Fig.  1; 

2.  the  time-averaged  axial  velocity  field; 

3.  the  time-averaged  distribution  of  mass,  energy,  or  temperature  of  the  fluid 
from  the  primary  stream  which  characterizes  the  qualitative  and 
quantitative  nature  of  the  mixing  that  has  occurred  between  the  two 
streams; 

4.  the  time-averaged  axial  distribution  of  wall  static  pressure. 


Nozzle 


Figure  1.  Features  of  turbulent,  ducted  mixing  flow  field 
with  recirculation. 

Ail  of  these  gross  features  of  the  flow,  their  spatial  distributions  and  magnitudes, 
appear  from  experimental  evidence  to  be  dependent  on  tbe  ratios  (us/up,  ps/p  Rs/Rp), 
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on  a  Reynolds  number  based  on  the  primary  flow  at  the  nozzle  exit  station,  and  on 
chemical  reactions  occurring  in  the  flow.  However,  it  is  also  an  empirical  observation  that 
for  sufficiently  high  values  (>  1.5  x  104)  of  the  primary  jet  Reynolds  number,  defined 
by 

the  time-averaged  velocity,  species  concentration,  and  static  pressure  fields  become 
independent  of  Nrc.  which  is  the  case  in  the  present  study. 

2.0  APPARATUS 


2.1  TEST  CELL 

The  test  cell,  which  is  a  modification  of  the  one  used  by  Schulz  (Ref.  1)  and  Chriss 
(Ref.  2),  is  shown  in  Fig.  2.  The  test  chamber  consists  of  a  5-ft-long  stainless  steel  duct 
with  an  inside  diameter  of  5.24  in.  A  hydraulically  driven,  axially  traversing  nozzle 


5. 24-in.  ID  Stainless 


Figure  2.  Recirculating  flow  combustor  simulation  facility. 

assembly  was  mounted  inside  the  duct.  The  nozzle  assembly  was  traversed  in  discrete 
steps  during  the  testing  to  vary  the  distance  between  the  primary  jet  nozzle  exit  plane 
and  the  radially  positionable  pitot  pressure  and  gas  sampling  probe.  An  O-ring  system 
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provided  a  seal  between  the  movable  nozzle  assembly  and  the  duct.  The  test  chamber 
included  a  l/4-in.-wide  slot  centered  at  the  axial  plane  of  the  traversing  probe  tip  as 
shown  in  Fig.  2.  The  slot  provided  optical  access  for  the  laser  instrumentation.  A  quartz 
window  assembly  was  used  to  seal  the  slot,  and  an  optical  access  port  was  located  on  top 
of  the  test  cell  in  the  measuring  plane  to  allow  passage  of  the  pulsed  laser  beam  required 
for  the  laser-Raman  apparatus.  A  laser  energy  dump  was  located  1 80  deg  from  the  optical 
access  port  to  allow  dissipation  of  the  pulsed  laser  beam  energy. 

The  primary  nozzle  assembly  consisted  of  a  2.067-in,-ID  circular  pipe  which 
introduced  the  primary  air  jet  at  a  nominal  bulk  flow  velocity  of  335  ft/sec.  An  annular 
secondary  injector  assembly  was  provided  through  which  hydrogen  entered  the  duct.  The 
secondary  hydrogen  flow  passed  through  two  porous  plates  and  a  screen  pack,  shown  in 
Fig.  2,  which  acted  to  stabilize  the  flow  system.  External  water  spray  nozzles  were 
positioned  outside  the  duct  to  cool  the  walls.  A  spark  plug  was  located  downstream  of 
the  traversing  probe  to  ignite  the  combustible  hydrogen-air  mixture. 

2.2  INSTRUMENTATION 

2.2.1  Pressure  and  Temperature 

A  water-cooled  total  pressure  and  gas  sampling  probe  of  the  type  described  in  Ref.  3 
was  installed  in  the  duct  at  a  fixed  axial  position.  The  probe  tip,  detailed  in  Fig.  3,  was 
traversed  radially  across  the  duct  by  a  hydraulic  drive  mechanism.  By  changing  the 
positions  of  the  axially  traversing  nozzle  assembly  and  the  radially  traversing  probe,  axial 


McleS:  L.  Not  to  Scale  v-  M-in.  Copper  Tube 


Figure  3.  Water-cooled  probe  tip. 
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and  radial  surveys  were  made  in  the  recirculating  flow  field.  The  total  pressure  was  sensed 
with  a  variable  capacitance  transducer  and  a  strain-gage  transducer  to  obtain  maximum 
accuracy  over  the  range  of  pressure  encountered. 

In  addition  to  the  probe  assembly,  41  static  pressure  orifices  (0.040-in.  diameter) 
were  installed  approximately  1  in.  apart  along  the  duct  wall.  The  orifices  were  connected 
to  a  water  manometer  which  was  photographed  during  the  tests  to  record  the  wall  static 
pressure  distribution. 

The  total  temperature  of  the  gaseous  supplies  of  hydrogen  and  air  were  measured 
with  copper-constantan  thermocouples  located  upstream  of  critical-flow  venturis,  which 
were  used  to  meter  the  primary  and  secondary  mass  flows. 

2.2.2  Gas  Concentration 

The  mass  fraction  of  hydrogen  present  in  the  probe-extracted  gas  samples  was 
measured  using  two  different  techniques.  For  the  case  of  flow  with  no  chemical 
reactions,  extracted  gas  samples  were  analyzed  using  a  thermal  conductivity  cell 
apparatus.  The  apparatus  was  similar  to  that  described  in  Ref.  4  and  was  calibrated  prior 
to  each  test  period  by  passing  known  mixtures  of  GH2/GN2  through  the  cell  and 
measuring  millivolt  output.  For  the  case  of  flow  with  chemical  reactions  occurring, 
extracted  gas  samples  were  analyzed  using  an  infrared  emission-absorption  cell  apparatus 
similar  to  that  described  in  Ref.  S.  Gas  samples  were  withdrawn  from  the  stream  through 
the  probe  and  passed  through  a  platinum-wound  catalytic  heater  to  insure  completion  of 
the  chemical  reaction.  The  sample  was  then  drawn  into  an  evacuated  chamber  which  had 
an  optical  viewing  port  on  each  end  (Fig.  4).  The  infrared  emission-absorption  apparatus 
was  then  used  to  determine  the  infrared  transmissivity  of  the  sampled  gas,  from  which 
the  water  vapor  mass  fraction  could  be  calculated  using  Beer’s  law  (Ref.  5).  The  entire 
gas  sampling  system  was  steam  heated  to  prevent  condensation  of  the  water  vapor  in  the 
gas  sample. 

Additionally,  for  the  case  of  flow  with  chemical  reactions,  species  concentration  and 
static  temperature  measurements  were  obtained  using  an  in-situ  laser-Raman  spectroscopy 
apparatus  which  is  described  in  detail  in  Ref.  6  and  shown  schematically  in  Fig,  5.  A 
Q-switched  ruby  laser  and  a  spectrometer  were  mounted  on  a  traversing  table  as  shown  in 
Fig.  5.  The  pulsed  ruby  laser  beam  was  transmitted  vertically  through  the  test  section 
using  a  transmitting  lens  and  mirror.  The  spectrometer  viewing  plane  was  oriented  90  deg 
from  the  path  of  the  laser  beam.  Alignment  of  the  optical  apparatus  and  location  of  the 
spectrometer  viewing  path/laser  beam  intersection  were  determined  with  the  aid  of  a 
He-Ne  alignment  laser.  The  spectrometer  viewing  volume  was  0.039  in.  in  diameter  by 
0.125  in.  long.  Temperature  and  air  number  density  were  determined  by  analyzing  the 
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Gas  Sample 


Vacuum 


Figure  4.  Schematic  of  tR  emission-absorption  apparatus. 

pure  rotational  Raman  lines  as  described  in  Ref.  6.  Data  were  obtained  by  pulsing  the 
ruby  laser  and  measuring  the  intensity  of  the  N2-O2  rotational  Raman  line,  which  is 
related  to  the  rotational  temperature  of  the  gas  and  the  molecular  species  number 
density.  The  laser  pulse  width  was  20  x  10~9  sec,  and  the  experimental  data  rate  was  15 
pulses  per  data  point  at  a  rate  of  1 5  pulses  per  minute.  The  low  experimental  data  rate, 
resulting  in  a  relatively  low  statistical  confidence  level,  was  necessitated  by  time 
constraints  on  testing.  The  results  obtained  for  the  mean  temperature  and  species  number 
density  are,  therefore,  only  approximations  to  the  true  value  of  these  parameters.  The 
degree  of  approximation  can  be  evaluated  in  terms  of  the  statistical  confidence  level  (Ref. 
7).  For  a  data  set  of  15  samples  and  a  95-percent  confidence  level,  the  confidence 
interval  for  the  mean  temperature  in  the  recirculating  flow  field  is  less  than  20  percent. 


2.2.3  Velocity  and  Turbulence 

2.2.3.1  Selection  of  Velocity  Measurement  Technique 

The  presence  of  high  temperatures,  chemical  reactions,  recirculation,  and  high 
turbulence  levels  in  the  simulated  dump  combustor  flow  field  precludes  the  accurate 
determination  of  flow  characteristics  by  conventional  methods.  Conventional 
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instrumentation  systems  such  as  hot-wire  anemometers  and  pitot  probes  materially 
interact  with  the  flow  environment  and  introduce  local  flow  disturbances  which  make 
them  unsuitable  for  recirculation  flow  measurements.  Such  devices  are  subject  to  damage 
because  of  impact  and  thermal  loading.  The  pitot  probe  does  not  adequately  respond  to 
fluid  transients  and  can  be  sensitive  to  changes  in  flow  direction  so  that  it  is  of  little  use 
in  measurements  of  turbulence.  Hot-wire  anemometers  can  provide  accurate  turbulence 
information;  however,  they  are  limited  to  moderate  turbulence  levels,  require  an 
independent  measurement  of  fluid  temperature  in  a  nonisothermal  flow,  and  above  all  are 
fragile  and  incapable  of  survival  in  the  hostile  environment  of  a  combustor  flow  field. 
These  difficulties  generally  can  be  avoided  by  use  of  a  laser  velocimeter  (LV)  system 
which  can,  under  controlled  circumstances,  obtain  the  required  data  with  reasonable 
accuracy.  It  has  been  shown  (Ref.  8)  that  concurrent  determination  of  shear  stress  and 
turbulence  intensity  is  possible  if  both  axial  and  radial  velocities  are  measured 
simultaneously  with  the  LV  system.  In  addition,  a  Bragg-diffracted  LV  will  indicate  the 
flow  directionality  in  a  recirculating  flow.  Thus  a  Bragg-diffracted  LV  was  selected  as  the 
velocity-measuring  instrument  to  be  applied  to  the  flow  in  the  simulated  dump 
combustor. 
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2.2.3.2  Laser  Velocimeter 

Velocity  measurements  were  made  in  the  duct  with  an  off-axis,  individual 
realization,  two-component  Bragg-diffracted  laser  velocimeter  operating  in  the  backscatter 
mode  as  shown  in  Fig.  6.  An  argon-iron  laser  capable  of  producing  an  optical  power  of  2 
watts  in  the  514.5-nm  wavelength  line  was  the  light  source.  Light  from  the  laser  is 
directed  by  mirrors  and  lenses  which  reorient  and  focus  the  beam  at  the  center  of  a 
two-component  Bragg  cell  beam  splitter.  The  water-filled  cell  has  15-  and  45-MHz 
piezoelectric  oscillators  in  the  horizontal  and  vertical  branches,  respectively.  The  two 
lower  order  beams  for  both  the  horizontal  and  vertical  beam  splits  were  allowed  to  pass 
through  a  collimating  lens  and  a  beam  expander.  The  resulting  parallel  beams  were  then 
redirected  by  mirrors  and  lenses  and  focused  together  in  the  flow  field.  In  the  beam 
crossover  region,  or  probe  volume,  a  set  of  interference  fringes  is  formed,  the  dominant 
fringe  pair  being  aligned  with  the  longitudinal  and  vertical  axes  of  the  flow  field.  Since 
the  Bragg  cell  imparts  to  each  higher  order  beam  a  frequency  shift  equal  to  the 
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Figure  6.  Laser  velocimeter  and  traverse  system. 

piezoelectric  oscillator  frequencies,  the  fringes  are  not  stationary  but  move  at  a  reference 
velocity  proportional  to  the  frequency  of  the  ultrasonic  drivers.  Velocities,  accordingly, 
are  determined  relative  to  the  reference  velocity  so  that  directional  ambiguity  is  avoided. 
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Light  scattered  from  particles  passing  through  the  probe  volume  is  received  by  a 
photomultiplier  tube  (PMT)  through  the  collector  optics.  By  viewing  the  probe  volume 
through  an  aperature  at  an  off-axis  collection  angle,  one  can  vary  the  effective  probe 
volume  length.  The  collector  optics  were  positioned  so  that  operation  was  in  the 
backscatter  mode.  The  system  had  the  capability  to  measure  velocities  over  an  axial 
velocity  range  -250  <  u  <  700  ft/sec  and  a  vertical  velocity  range  -250  <  v  <  250  ft/sec. 

The  laser  velocimeter  was  mounted  on  a  traverse  system  which  allowed  movement  of 
the  probe  volume  along  any  of  three  mutually  orthogonal  axes.  When  the  flow  is 
traversed  along  the  vertical  diameter  of  the  duct,  the  vertical  fringes  provide  the  radial 
velocity  of  the  flow  field  and  the  horizontal  fringes  provide  the  axial  velocity  component. 
By  positioning  the  probe  volume  at  a  point  along  the  vertical  diameter,  one  could 
simultaneously  record  samples  of  both  the  axial  and  radial  velocity  components  and 
average  these  to  provide  axial  and  radial  velocity  moments  and  the  uV  correlation  at 
each  sampled  point. 

In  some  flows  natural  seeding  may  be  adequate  for  acquiring  laser  velocimeter 
measurements.  However,  at  the  temperatures  in  the  chemically  reacting  flow  field,  not 
enough  natural  particles  survive  to  permit  obtaining  velocity  measurements  within  a 
reasonable  time  period.  Thus,  a  particle  seeding  device  was  developed  (Fig.  7)  with  which 
the  primary  air  stream  was  seeded.  Uniform  1-p-diam  particles  were  used  in  the  seeder 
because  they  should  trace  the  fluid  motion  with  reasonable  accuracy.  It  is  likely, 
however,  that  actual  particle  sizes  larger  than  I  p  were  encountered  because  of  particle 
agglomeration. 

Two  operational  problems  were  encountered  in  acquiring  LV  data  through  the  slot 
in  the  cell  wall.  Water,  formed  in  the  combustion  process,  deposited  on  the  quartz 
window  surface.  It  was  necessary  to  shield  the  viewing  port  area  with  baffles  and  heat  the 
window  surface  during  the  test  to  avoid  condensation  which  could  attenuate  the  LV 
signal.  In  addition,  the  test  apparatus  moved  slightly  during  testing  because  of  thermal 
expansion,  necessitating  realignment  of  the  LV  with  respect  to  the  flow-field  centerline  at 
each  axial  position. 

2.3  PRECISION  OF  MEASUREMENTS 

The  uncertainty  of  a  measured  parameter  was  determined  from  the  bias  limits  and 
precision  indices  of  the  instrumentation  by  the  procedures  developed  in  Ref.  9,  Given  the 
bias  limits  and  precision  indices  associated  with  the  measurements  necessary  to  define  any 
parameter  (<t>),  the  total  uncertainty  in  4*  is  defined  as 

b<j,  =  ±(B<j,  a  tg-  S^)  (2) 
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where 


is  the  bias  limit  for  4>. 

Sc 


(3) 


(4) 


is  the  precision  index*  for  4>.  and  £  is  the  measured  parameters  which  define  4>;  that  is. 


$  =  (£,),  i  =  1 . N 


(5) 


and  N  is  the  number  of  measured  parameters  that  define  <3?.  Tlie  parameter  t95  is  the  95 
percentile  point  for  the  two-tailed  student  “t”  distribution. 


Vibrator 


f  -—Seeded 
Air 


-Wire  Mesh  Filter 


Particle  Dispersion 
Chamber 


Seeding  Material 
Baffle  Plate 

Glass  Seed  Chamber 


-  -  Support  Stand 


Supply  Air 


Figure  7.  Fluidized  bed  seeder. 
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Tlic  bias  limits  and  precision  indices  of  instruments  vary  with  the  magnitude  of 
measured  quantities.  Therefore,  representative  test  conditions  were  selected  upon  which 
to  base  the  precision  indices  and  bias  limits.  Uncertainties  in  the  fundamental  measured 
parameters  are  presented  in  Table  1. 

The  instrument  uncertainty  of  a  Bragg-diffracted  laser  velocimeter  is  dependent  on 
the  accuracy  to  which  the  fringe  spacing  can  be  determined,  the  stability  of  the  crystal 
oscillator  used  to  drive  the  Bragg  cell,  and  the  precision  to  which  the  Doppler  Data 
Processor  (DDP)  can  determine  the  signal  period.  The  uncertainty  in  the  LV  fringe 
spacing,  AKU/KU ,  evaluated  as  described  in  Ref.  10  from  LV  calibrations,  is  ±0.025  for 
the  horizontal  fringe  spacing  Ku  of  40pm  and  ±0.010  for  the  vertical  Kv  of  13.4  pm. 
Tests  of  the  stability  of  the  crystal  oscillators  used  in  these  experiments  indicate  that  the 
uncertainty  in  the  Bragg  frequency  (Af*/f*)  is  ±6.66  x  10"4  and  ±7.69  x  10"4  for  the 
horizontal  and  vertical  measurements,  respectively.  A  detailed  study  of  DDP  accuracy 
showed  that  the  processor  used  to  measure  axial  velocity  had  an  accuracy  (Arj)  of 
±0.005  nsec,  whereas  the  DDP  used  for  vertical  velocities  was  accurate  within  ±0.05  nsec. 
For  these  values,  Ref.  8  gives  the  uncertainty  in  the  axial  velocity  measurements  as  ±4 
percent  of  the  measured  value  at  -100  ft/sec  and  ±3  percent  at  700  ft/sec.  The 
uncertainty  in  the  radial  velocity  measurement  is  ±8  percent  of  the  measured  value  at  10 
ft/sec  and  ±3.5,percent  at  30  ft/sec. 

In  using  an  individual  realization  LV,  one  attempts  to  reproduce  the  statistical 
behavior  of  a  continuously  variable  velocity  by  a  finite  number  of  measurements.  The 
results  for  the  mean  value  of  velocity  or  its  standard  deviation  are,  therefore,  only 
approximations  to  the  true  value  of  these  parameters.  The  degree  of  approximation  can 
be  evaluated  in  terms  of  statistical  confidence  levels  (Ref.  7).  It  is  shown  in  Refs.  8  and 
1 1  that  although  the  confidence  interval  for  the  mean  velocity  depends  on  the  sample 
size  and  turbulence  intensity,  the  confidence  interval  for  the  measured  turbulence 
intensity  depends,  additionally,  on  the  kurtosis  of  the  velocity  distribution.  For  a  data  set 
of  1,500  samples  and  a  95-perccnt  confidence  level,  the  confidence  interval  for  the  mean 
velocity  in  the  recirculating  flow  field  is  less  than  5  percent,  but  the  confidence  interval 
for  the  turbulence  intensity  is  under  6.5  percent. 

In  addition  to  estimating  the  statistical  confidence  of  the  individual  realization  LV 
averages,  this  study  considered  statistical  bias  (as  defined  in  Ref.  1 2).  Although  statistical 
bias  might  be  expected  to  be  high  with  the  highly  turbulent  flow  being  measured  (Ref. 
13),  it  has  been  shown  (Ref.  14)  that  bias  is  diminished  when  the  fluid  density  fluctuates 
as  it  does  in  this  hydrogen-air  flow  field.  Furthermore,  temporal  fluctuations  in  the 
particle  number  density,  which  are  known  to  occur  with  fluidized  bed  seeders  (Ref.  15), 
can  further  diminish  any  statistical  bias  (Ref.  16).  Therefore,  statistical  bias  was  expected 
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Table  1.  Measurement  Uncertainty 


Parameter 

Representat  ive 

Value  of  Parameter 

Uncer tainty,* 
Percent  of  Value 

Wall  Static  Pressure 

0.04  psig 

±5.0 

Probe  Pitot  Pressure 

3  peig 

±2.0 

LV  Measured  Axial  Velocity 

300  ft/sec 

±3-0 

LV  Measured  Axial  Velocity 

-100  ft/sec 

±4.0 

LV  Measured  Radial  Velocity 

30  ft/sec 

±3.5 

LV  Measured  Radial  Velocity 

10  ft/sec 

±B.O 

Hydrogen  Mass  Fraction 
(Nonreacting) 

0.03 

±5.0 

Hydrogen  Mass  Fraction 
(Reacting) 

0.04 

±16.0 

Primary  Air  Mass  Flow 

0.580  lhm/sec 

+2.0 

Secondary  Hydrogen  Mass  Flow 

0.002  lbm/sec 

+6.0 

Probe  Radial  Position 

3  in- 

±6.2 

Probe  Axial  Position 

30  in. 

+  1.4 

Laser-Ratnan  Measured 

Temperature 

2,000’R 

±10 

Laser-Raraan  Measured 

0.6 

±25 

Concentration 

^Uncertainty  determined  Iron  technique  presented  in  Ref.  9. 


to  be  inconsequential  in  this  study;  however,  to  verify  this  expectation  some  data  were 
randomly  sampled  as  suggested  in  Ref.  17.  Averages  of  all  the  randomly  chosen  data 
agreed  with  arithmetic  averages  of  the  original  data,  and  this  agreement  indicates  that  no 
significant  statistical  bias  exists. 

2.4  TEST  PROCEDURES 

Prior  to  each  test  period  the  pressure  and  temperature  instrumentation  were 
calibrated  by  the  application  of  known  voltages  to  determine  instrument  response. 
Calibration  factors  for  the  probe-extracted  concentration  instrumentation  were  obtained 
from  application  of  a  set  of  H2-N2  gas  mixtures  of  known  molecular  weight.  The 
sensitivity  of  each  measurement  system  was  obtained  over  the  range  of  values  expected 
during  the  test.  Data  other  than  manometer  pressures  were  recorded  on  a  high-speed 
minicomputer  data  acquisition  system.  The  impact  probe  pressure  was  also  displayed  on 
an  x-y  recorder. 
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Prior  to  each  test  the  LV  laser  was  adjusted  to  obtain  the  514.5-nm  spectral  line; 
then  the  Bragg  cell  beam  splitter  was  balanced  to  obtain  equal  intensities  in  four  beams. 
After  the  adjustments  were  completed,  the  fringe  spacing  and  orientation  of  the  moving 
fringes  with  respect  to  the  jet  axis  were  determined.  A  detailed  discussion  of  the 
procedure  is  presented  in  Ref.  10.  A  high-speed  minicomputer  data  acquisition  system 
was  used  to  acquire  the  LV  data. 

To  initiate  the  combustion  process,  a  mixture  of  hydrogen  and  air  in  the  test  cell 
was  ignited  at  very  low  flow  rates.  The  flows  were  carefully  increased  together  to  avoid 
Hame  blowout.  Conditions  were  set  by  establishing  the  desired  flow  rates  of  air  and 
hydrogen  as  indicated  by  the  pressure  and  temperatures  upstream  of  the  metering 
venturis.  The  LV  and  laser  Raman  (LR)  data  were  taken  during  different  test  periods 
from  the  probe  data  (total  pressure  and  gas  composition)  so  that  the  probe  would  not 
perturb  the  flow  field  while  the  optical  measurements  were  being  made. 

For  probe  data  acquisition  the  nozzle  assembly  was  positioned  at  a  desired  distance 
from  the  probe.  A  continuous  x-y  plotter  trace  of  total  pressure  versus  radial  position 
was  taken  to  guide  the  selection  of  the  radial  locations  to  record  total  pressure  and  gas 
composition  data.  The  probe  was  then  incrementally  stepped  across  the  stream  to  obtain 
pressure  and  gas  composition  profiles. 

To  obtain  LV  data,  first  the  LV  probe  volume  was  positioned  on  the  horizontal 
centerline  of  the  test  cell,  and  then  the  laser  velocimeter  was  traversed  vertically  to 
record  data  at  prescribed  increments.  Similarly,  to  obtain  laser  Raman  data,  the 
spectrometer  was  first  positioned  on  the  horizontal  centerline  of  the  test  cell  and  then 
traversed  vertically  to  record  data  at  prescribed  increments.  It  was  necessary  to  realign 
both  the  LV  and  the  LR  with  respect  to  the  duct  centerline  each  time  the  nozzle 
assembly  was  repositioned  because  of  movement  of  the  duct  from  thermal  expansion 
caused  by  the  change  in  the  location  of  the  combustion  region. 

3.0  RESULTS  AND  DISCUSSION 

Experimental  data  were  obtained  in  a' ducted,  subsonic,  axisymmetric,  recirculating 
flow  field,  both  with  and  without  chemical  reactions.  The  primary  jet  airflow  rate  was 
0.580  lbm/see,  and  the  secondary,  outer  stream,  hydrogen  flow  rate  was  0.002  Ibm/sec. 
These  flow  rates  result  in  a  fuel/air  ratio  (F/A)  of  0.00345  lb  H2  /lb  air  where  the 
stoichiometric  F/A  ratio  is  0.025  lb  fh/lb  air.  The  one-dimensional  velocity  of  the 
primary  and  secondary  streams  was  335  ft/sec  and  3  ft/sec.  respectively,  and  the  inlet 
temperatures  were  nominally  60  and  100°F,  respectively.  The  fully  mixed  temperatures 
were  nominally  65°F  for  the  nonreactive  case  and  1,300°F  for  the  reactive  case.  The 
nominal  static  pressure  in  the  exhaust  duct  was  13.7  psia.  Measurements  were  made  at 
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axial  stations  from  zero  to  six  duct  diameters  from  the  primary  nozzle  exit  plane.  The 
data  included  radial  distributions  of  hydrogen  mass  fraction,  mean  axial  velocity,  mean 
radial  velocity,  axial  turbulence  intensity,  radial  turbulence  intensity,  velocity  cross 
correlation,  rotational  temperature,  air  species  number  density,  and  total  pressure.  In 
addition,  the  mixing  duct  wall  static  pressure  distribution  was  obtained.  The  nominal  test 
conditions  are  presented  in  Table  2,  and  the  data  are  tabulated  in  Appendix  A. 

Table  2.  Nominal  Test  Conditions 


Parameter 

Nominal  Value 

F/A 

0.00345  lb  H2/lb  air 

V 

P 

0.580  lbm/sec 

w 

6 

0.002  lbm/sec 

P 

S 

13.7  psia 

T 

Tp 

520°R 

T 

Ts 

560°R 

up 

335  ft/sec 

us 

3  ft/sec 

3.1  PRESSURE  MEASUREMENTS 

The  axial  distribution  of  wall  static  pressure  is  shown  in  Fig.  8.  The  nonreactive 
pressure  distribution  is  typical  of  distributions  encountered  in  separated,  reattached  flows. 
However,  the  static  pressure  rise  for  the  reactive  recirculating  flow  is  seen  to  be 
significantly  different  from  the  nonreactive  case.  The  pressure  distributions  clearly 
indicate  that  one  significant  effect  that  the  chemical  heat  release  has  on  the  recirculating 
flow  field  is  to  change  the  rate  of  wall  static  pressure  rise. 

The  radial  distributions  of  total  pressure  are  shown  in  Figs.  9  and  10.  A  comparison 
of  the  data  in  the  two  figures  reveals  that  the  total  pressure  decay  is  slowed  by  the 
chemical  heat  addition,  indicating  that  the  effect  of  the  chemical  reaction  is  to  reduce 
the  momentum  transport  rate  of  the  two  coaxial  streams.  The  shape  of  the  total  pressure 
profiLes  also  demonstrates  the  reduced  mixing  rate.  For  the  nonreactive  case,  the  total 
pressure  profile  is  essentially  flat  at  X/D  =  5.  but  for  the  reactive  case  a  significantly 
nonuniform  profile  still  exists  at  X/D  =  6. 
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Figure  8.  Axial  distribution  of  wall  static  pressure. 


Figure  9.  Radial  distribution  of  total  pressure  without 
chemical  reactions. 
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Radial  Location,  R/Rq 


Figure  10.  Radial  distribution  of  total  pressure  with 
chemical  reaction. 

3-2  LASER  VELOCIMETER  MEASUREMENTS 

Representative  radial  distributions  of  mean  axial  velocity,  mean  radial  velocity,  axial 
turbulence  intensity,  radial  turbulence  intensity,  and  the  velocity  cross  correlation  are 
shown  in  Figs.  1 1  through  1 5  both  with  and  without  chemical  reaction.  The  velocity  data 
are  nondimensionalized  by  the  one-dimensional  primary  jet  flow  velocity,  up,  and  the 
axial  and  radial  distances  are  ratioed  to  the  duct  diameter  and  radius,  respectively.  Data 
are  presented  for  three  representative  axial  locations  for  the  purpose  of  clarity.  The 
complete  data  package  for  all  axial  locations  is  tabulated  in  Appendix  A. 

It  should  be  noted  that  only  the  center  jet  flow  was  seeded  with  alumina  particles. 
Since  the  outer  jet  bulk  velocity  was  low.  it  was  thought  that  if  only  the  center  jet  were 
seeded,  the  recirculation  eddy  would  act  to  distribute  the  seed  material  throughout  the 
flow  and  provide  a  nearly  uniform  particle  number  density.  For  the  case  of  flow  without 
chemical  reaction,  the  particle  number  density  in  the  outer  stream  was  sufficient  to 
provide  an  acceptable  data  rate,  and  thus  valid  velocity  measurements  were  obtained 
across  the  entire  duct.  However,  lor  the  ease  of  flow  with  chemical  reaction,  the  alumina 
deposited  on  the  walls,  and  as  a  result  the  recirculation  eddy  did  not  distribute  sufficient 
seeding  material  across  the  outer  stream  in  the  region  near  the  primary  nozzle  exit  plane. 
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Therefore,  velocity  measurements  could  not  be  obtained  in  the  flow  near  the  duct  wall  in 
a  reasonable  sampling  time. 

The  data  presented  in  Figs.  11  through  15  show  radial  profiles  of  velocities  at 
representative  axial  locations  both  with  and  without  chemical  reactions  to  demonstrate 
the  effect  of  the  chemical  heat  release  on  the  parameter.  It  is  evident  from  the  mean 
axial  velocity  variation  (Fig.  11)  that  chemical  heat  addition  broadens  the  radial  profile 
and  reduces  the  axial  velocity  decay.  The  profiles  of  radial  velocity  (Fig.  12)  also 
indicate,  although  less  dramatically,  the  sustained  high  velocity  resulting  from  the 
chemical  reaction.  The  maximum  value  of  the  turbulence  intensity,  u'/up  and  v'/up  (Figs. 
13  and  14),  is  about  the  same  for  the  two  cases.  However,  the  axial  location  of  the 
maximum  turbulence  intensity  (not  shown)  is  reached  closer  to  the  primary  nozzle  exit 
plane  in  the  nonreacting  case  because  in  each  case  the  location  of  the  maximum 
turbulence  intensity  occurs  near  the  center  of  the  mixing  zone,  which  extends  farther 
downstream  with  chemical  reaction.  The  turbulence  intensity  becomes  essentially 
constant  by  X/D  =  4  for  the  nonreactive  case,  whereas  significant  nonuniformity  still 
exists  at  X/D  =  6  for  the  reactive  case.  Note  by  comparing  the  data  in  Figs.  12  and  14 
that  the  magnitude  of  the  radial  turbulence  intensity  is  much  greater  than  the  mean 
radial  velocity  at  nearly  every  point  in  the  flow  field.  The  velocity  cross  correlation, 
if v'/u p ,  shown  in  Fig.  15,  also  indicates  a  considerable  effect  of  chemical  heat  release  on 
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Figure  12.  Radial  distribution  of  mean  radial  velocity.  ' 


Radial  Location,  R/Rq 


Figure  13.  Radial  distribution  of  axial  turbulence  intensity. 
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the  Reynolds  stress  field.  "Hie  decay  of  the  mean  axial  velocity  along  the  duct  centerline 
is  shown  in  Fig.  16.  As  implied  From  the  previously  presented  data,  the  measurements 
reveal  that  the  velocity  decays  less  rapidly  in  the  reactive  case  than  in  the  nonreactive 
case.  It  has  been  noted  in  Ref.  18  that  the  velocity  in  reactive  streams  decays  less  rapidly 
than  that  in  comparable  nonreactive  streams,  but  a  complete  explanation  for  this 
phenomenon  has  not  been  given. 

Figure  17  shows  the  location  of  the  locus  of  points  of  zero  mean  axial  velocity  in 
the  recirculating  flow  field,  both  reactive  and  nonreactive.  Note  that  the  locus  does  not 
represent  the  dividing  streamline  and  in  fact  corresponds  to  the  dividing  streamline  at 
only  two  points,  the  forward  and  rear  duct  wall  stagnation  points  (Fig.  1).  A  comparison 
of  the  data  clearly  demonstrates  the  effect  of  the  chemical  heat  release  on  the  location 
and  extent  of  the  recirculation-  zone.  The  downstream  reattachment  point  is  seen  to  lie 
between  X/D  =  3  and  X/D  =  4  for  the  nonreactive  case  and  at  approximately  X/D  =  6 
for  the  reactive  case.  The  result  is  significantly  different  from  the  results  shown  in  Fig. 
18,  obtained  by  Schulz  (Ref.  1)  and  Chriss  (Ref.  2)  on  a  configuration  geometrically 
similar  but  with  a  ratio  of  mixing  duct  to  primary  jet  diameter  of  10  as  opposed  to  the 
current  diameter  ratio  of  2.5.  The  results  of  Schulz  and  Chriss  indicate  that  the  behavior 
in  the  location  of  the  reattachment  point  and  the  shape  of  the  zero  velocity  locus  curve 
are  essentially  identical  for  the  reactive  and  nonreactive  cases.  However,  the  diameter 
ratio  10  configuration  is  about  the  upper  limit  for  aerospace  applications.  The  diameter 
ratio  2.5  configuration  is  more  typical  of  a  ramjet  dump  combustor. 
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Figure  15.  Radial  distribution  of  the  velocity  cross  correlation. 

3.3  HYDROGEN  MASS  FRACTION 

For  the  chemically  reacting  hydrogen-air  mixture,  the  elemental  hydrogen  mass 
fraction  (FH )  is  related  to  the  mixture  molecular  weight  (W)  through  the  following 
general  chemical  relationship: 

j8hFhH2  +  ^3o0-Fi,)02  +  /3n(1-Kh)N2  -  0aU-Fh)A  — ► 

r  j3h  f..  i 

/3h  fh  h2°  ♦  1  P0O-Fn) - °2  +  ^nu-fh)N2  -  Pa<i-fh>a  (6) 

By  substituting  the  appropriate  molecular  weights,  one  obtains 
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The  mixture  molecular  weight,  W,  was  obtained  from  the  thermal  conductivity  analysis 
cell  as  a  direct  function  of  detector  millivolt  output  by  calibrating  the  apparatus  using 
various  mixtures  of  hydrogen/nitrogen  of  known  molecular  weights. 

The  radial  distributions  of  FH  for  the  nonreactive  case  are  shown  in  Fig.  19.  As 
expected,  because  of  the  mixing  process,  the  centerline  value  of  FH  increases  and  the 
near-wall  value  decreases  with  increasing  axial  distance  from  the  primary  nozzle  exit 
plane.  Note  that  no  pure  hydrogen  was  measured  even  close  to  the  primary  nozzle  exit 
plane.  This  should  be  expected  since  the  velocity  data  indicate  that  the  recirculation  zone 
extends  all  the  way  back  to  the  nozzle  exit  plane.  In  addition,  the  low  values  of  FH  and 
the  highly  turbulent  velocity  field  near  the  wall  indicate  that  counterstream  turbulent 
diffusion  of  species  apparently  causes  dilution  of  the  hydrogen  stream.  This  result  is 
consistent  with  the  results  of  Chriss  (Ref.  2)  for  the  diameter  ratio  10  configuration. 

For  the  reactive  case,  the  probe-extracted  samples  were  analyzed  in  an  infrared 
emission-absorption  cell  apparatus  from  which  the  water  vapor  partial  pressure  (hence 
mole  fraction)  was  directly  obtained  from  Beer’s  Law  (Ref.  5).  The  chemical  balance  of 
Eq.  (6)  demonstrates  that  the  hydrogen  mass  fraction  is  directly  related  to  the  water 
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Figure  16.  Axial  distribution  of  centerline  velocity. 
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Figure  17.  Locus  of  2ero  mean  axial  velocity  points  (diameter 
ratio  2.5  configuration). 


Sym  F/A  Configuration 

o  0.143  Reactive  (Ref.  2) 

o  0.107  Reactive  (Ref.  2) 


Figure  18.  Locus  of  zero  mean  axial  velocity  points  (diameter 
ratio  10  configuration)  (Ref.  2). 
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vapor  mole  fraction.  The  radial  distributions  of  Fh  increase  and  the  wall  value  decreases 
with  increasing  axial  distance  from  the  primary  nozzle  exit  plane.  As  before,  no  pure 
hydrogen  was  measured  in  the  flow  field,  again  indicating  that  counterstream  turbulent 
diffusion  of  species  apparently  causes  a  dilution  of  the  hydrogen  stream.  However,  the 
data  indicate  that  the  mixing  is  less  rapid  in  the  reactive  than  in  the  nonreactive  case, 
causing  the  dilution  of  the  hydrogen  stream  to  be  less  rapid. 


R/RD 


Figure  19.  Radial  distributions  of  hydrogen  mass 
fraction  I  nonreactive). 
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Figure  20.  Concluded. 
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The  axial  distribution  of  FH  along  the  mixing  duct  wall  is  presented  in  Fig.  21  for 
both  reactive  and  nonreactive  cases.  The  data  show  that  at  the  nozzle  exit  plane,  Fh  is 
higher  for  the  reactive  case  than  for  the  nonreactive  case.  The  nonreactive  Fh  decays 
more  rapidly  than  the  reactive,  indicating  more  rapid  mixing  in  the  nonreactive  flow 
field,  which  is  consistent  with  the  previously  presented  pressure  and  velocity  data.  The 
data  also  indicate  that  the  upstream  diffusion  of  species  extends  to  the  primary  nozzle 
exit  plane  since  Fh  is  less  than  unity  in  this  region.  This  result  is  consistent  with  the 
results  of  Chriss  (Ref.  2)  for  the  diameter  ratio  10  configuration.  The  data  also  indicate 
that  the  nonreactive  FH  decays  to  the  fully  mixed  value  by  X/D  =  6  while  for  the 
reactive  data  mixing  is  not  complete  at  this  station. 
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Figure  21.  Axial  decay  of  hydrogen  mass  fraction  at  R/RD  =  1.0. 


3.4  LASER-RAMAN  MEASUREMENTS 

Radial  distributions  of  mean  static  temperature  are  presented  in  Fig.  22  for  seven 
axial  Locations  in  the  recirculating,  reacting  flow  field.  The  mean  temperatures  were 
obtained  by  calculating  a  value  of  temperature  for  each  of  the  15  samples  measured  per 
data  point,  and  then  arithmetically  averaging  the  15  temperatures  to  obtain  a  “mean” 
value.  Eckbreth  (Ref.  19)  has  presented  an  “ensemble”  averaging  technique  for  reducing 
laser  Raman  data  obtained  in  fluctuating  flow  fields  that  yields  a  more  realistic  “mean” 
value  of  a  measured  quantity.  The  data  obtained  in  the  current  flow  configuration  will  be 
reduced  using  the  Eckbreth  technique,  but  the  final  data  were  not  available  for  this 
report.  Therefore,  the  temperature  data  presented  in  Fig.  22  should  be  considered  to  be 
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T, 


T,  °R 


Figure  22.  Concluded. 

preliminary  with  respect  to  absolute  value  although  the  future  planned  data  reduction  is 
not  expected  to  alter  the  trends  shown  in  Fig.  22. 

Similarly,  the  final  reduction  of  the  air  specie  number  density  data  requires 
extensive  iteration  to  remove  the  time-dependent  fluctuations  and  produce  mean  values 
of  concentration.  Therefore,  the  air  specie  number  densities  measured  during  the  current 
test  program  are  not  presented. 

The  radial  static  temperature  profile  data  presented  in  Fig.  22  are  tabulated  in 
Appendix  A.  The  temperature  distributions  are  reasonable  and  as  expected  in  that  the 
centerline  temperature  is  low  in  the  near  field  and  increases  with  radial  distance  toward 
the  duct  wall  to  some  peak  value  in  the  turbulent  recirculation  zone.  The  radial 
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temperature  distribution  in  the  far  field  (X/D  =  6)  is  relatively  flat  at  a  level  consistent 
with  the  fully  mixed  fuel/air  ratio  when  the  heat  loss  to  the  water-cooled  duct  wall  is 
considered.  Mean  temperatures  at  the  level  of  stoichiometric  hydrogen-air  combustion 
(4,000°  R)  were  not  measured  anywhere  in  the  flow  field,  although  some  samples  show 
instantaneous  temperatures  in  excess  of  4,000° R.  Examination  of  a  typical  set  of  fifteen 
samples  shows  the  instantaneous  temperature  values  range  between  1,250  and  4,100°R 
with  a  mean  value  of  2,540°  R. 

A  complete  explanation  for  the  lower  than  expected  peak  temperatures  is  not  clear 
at  the  present  time  although  further  analysis  of  the  fluctuating  instantaneous  temperature 
data  may  yield  some  insight.  The  possibility  exists  that  the  relatively  small  number  of 
samples  obtained  peT  data  point  combined  with  the  overly  simplified  averaging  technique 
may  tend  to  obscure  the  existence  of  stoichiometric  temperature  values  existing  in  the 
flow  at  least  on  an  instantaneous  basis.  In  addition,  the  spatial  resolution  of  the  laser 
Raman  system  combined  with  the  incremental  step  size  across  the  flow  could  result  in 
missing  locations  where  higher  temperatures  would  occur,  or  could  result  in  averaging 
temperatures  over  a  large  enough  volume  that  the  peak  temperatures  are  obscured. 
Additional  data  reduction  and  analysis  will  continue,  and  the  final  results  will  be 
published  in  the  near  future.  However,  it  is  very  clear  that  for  future  applications  of  a 
laser  Raman  spectroscopy  apparatus  to  a  highly  turbulent  recirculating  combustor  flow', 
sufficient  test  time  must  be  allotted  to  permit  on  the  order  of  1 50  pulses  per  data  point 
to  provide  data  of  higher  statistical  confidence  level. 

3 £  VELOCITY  CALCULATIONS:  COMPARISON  WITH  MEASUREMENTS 

The  velocities  measured  with  the  laser  velocimeter  are  compared  in  Fig.  23  with  the 
velocities  calculated  from  the  measured  gas  composition  and  pressure  assuming  either 
equilibrium  chemistry  with  100-percent  reaction  efficiency  or  no  reactions  (frozen 
chemistry).  The  two  assumptions  about  the  state  of  the  chemistry  along  with  an 
assumption  of  adiabatic  flow  allowed  upper  and  lower  limits  for  the  velocities  in  the  flow 
field  to  be  approximated.  The  static  pressure  measured  on  the  duct  wall  at  the  axial 
location  of  a  velocity  measurement  was  used  in  the  calculation  along  with  the  enthalpies 
of  the  inlet  systems.  The  calculation  procedure  is  described  in  Ref.  20  and  is  outlined  in 
Appendix  B.  The  LV  velocity  data  arc  seen  generally  to  agree  with  the  calculated 
velocities  in  level  and  radial  profile  shape.  In  some  regions  of  the  flow,  the  LV-measured 
velocities  fall  outside  the  limits  of  the  two  calculated  velocities.  This  discrepancy  is  most 
probably  caused  by  a  combination  of  uncertainties  in  the  measured  parameters  used  to 
calculate  the  velocities.  The  discrepancy  near  the  duct  wall  results  from  inaccurate 
measurements  of  small  pressure  differences  (0.04  to  0.06  psia)  and  the  inability  of 


34 


A  E  DC-TR-79-79 


Figure  23.  Comparison  between  measured  and  calculated  velocities 
for  frozen  and  equilibrium  chemistry. 

pressure  measurements  to  indicate  flow  reversals.  The  discrepancy  near  the  centerline 
results  from  uncertainty  in  the  measured  hydrogen  mass  fraction.  In  general,  considering 
all  of  the  data,  the  measured  velocities  approach  the  values  calculated  from  the 
equilibrium  assumption  at  locations  where  complete  chemical  reactions  would  be 
expected  and  with  values  calculated  from  the  frozen  assumption  where  complete 
reactions  would  not  be  expected,  thus  indicating  that  the  measured  quantities  are 
generally  self-consistent.  It  must  be  emphasized  that  the  calculation  technique  yields  only 
approximate  values  of  velocity  within  the  limits  of  the  assumptions  presented  in 
Appendix  B. 


4.0  CONCLUSIONS 

Ducted,  subsonic,  axisymmetric,  recirculating  flow  experiments  were  conducted  in  a 
combustor  with  a  ratio  of  duct  to  inner  nozzle  diameter  of  2.5.  both  with  and  without 
chemical  reactions  occurring.  A  primary  jet  of  air  at  a  mass  flow  rate  of  0.580  lbm/sec 
was  surrounded  by  an  outer  hydrogen  stream  at  a  mass  flow  rate  of  0.002  lbm/sec. 
Analysis  of  the  data  led  to  the  following  conclusions: 
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1.  Comparison  of  the  LV-measured  velocity  with  that  calculated  from 
measured  pressure  and  composition  data  (assuming  either  frozen  or 
equilibrium  chemistry)  shows  that  the  measured  velocity,  pressure,  and 
composition  data  are  self-consistent. 

2.  The  size  and  location  of  the  recirculation  zone  are  appreciably  altered  by 
the  presence  of  chemical  reactions.  This  is  indicated  by  differences  in 
locus  of  zero  mean  velocity  locations  in  the  recirculating  zone  and  the 
wall  static  pressure  distribution  for  the  reactive  and  nonreactive  cases.  This 
result  is  very  different  from  the  result  obtained  in  the  diameter  ratio  10 
configuration  (Ref.  2). 

3.  The  gases  in  a  ducted,  axisymmetric,  reacting,  recirculating  flow  mix  more 
slowly  than  those  in  a  nonreactive  system  of  the  same  configuration  and 
fuel-air  ratio.  The  decay  of  concentration  and  velocity  is  less  rapid,  and 
the  radial  distributions  of  concentration  and  velocity  approach  uniform 
profiles  less  rapidly  for  the  same  duct  length  in  the  reacting  case. 

4.  The  maximum  value  of  the  turbulence  intensity  based  on  the  jet  exit 
mean  velocity,  335  ft/sec,  is  about  the  same  for  the  reacting  and 
nonreacting  cases,  approximately  0.25.  However,  the  location  of  the 
maximum  turbulence  intensity  is  reached  closer  to  the  primary  nozzle  exit 
plane  in  the  nonreacting  case  because  in  each  case  the  maximum 
turbulence  location  occurs  near  the  center  of  the  mixing  zone,  which 
extends  farther  downstream  with  chemical  reaction.  The  magnitude  of  the 
radial  turbulence  intensity  is  much  greater  than  the  mean  radial  velocity  at 
nearly  every  point  in  the  flow  field. 

5.  The  hydrogen  mass  fraction,  velocity,  and  turbulence  intensity  profiles 
indicate  that  counterstream  turbulent  diffusion  is  responsible  for  the 
dilution  of  the  secondary  hydrogen  stream  in  the  vicinity  of  the  nozzle 
exit. 

6.  Uncertainties  in  the  laser-Raman  temperature  and  concentration  data 
indicate  that  in  future  applications  to  a  flow  similar  to  that  investigated 
currently,  a  data  rate  on  the  order  of  150  laser  pulses  per  data  point  is 
required  to  provide  data  of  a  high  statistical  confidence  level. 
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APPENDIX  A 
EXPERIMENTAL  DATA 

Appendix  A  contains  a  tabulation  of  the  experimental  data  obtained  in  the  present 
study.  The  data  include  radial  distributions  of  mean  axial  and  radial  velocity,  axial  and 
radial  turbulence  intensity,  velocity  cross-correlation,  hydrogen  mass  fraction,  total 
pressure,  and  static  temperature.  Data  are  presented  for  flows  both  with  and  without 
chemical  reactions  occurring.  All  data  are  for  the  test  conditions  given  in  Table  2. 
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Table  A>1.  Laser  Velocimeter  Data:  Nonreacting  and  Reacting 


LV  DATA  FOR  X/D  -»  0.10  -REACTING- 


RyftD 

U/UP 

V/UP 

U'/UP 

VVUP 

s 

S 

K 

K 

U'V/UP2 

AXIAL 

RADIAL 

AXIAL 

RADIAL 

(»  1.000) 

-0.91 

-0.  051 

0.  076 

-0.17 

2.39 

-0.98 

-0.01  7 

-0.011 

0.072 

0.053 

-0.45 

0.17 

3.40 

2.61 

0.3435 

-0.62 

-0.027 

-0.01B 

0.C75 

0.049 

-0.3  3 

0.06 

3.02 

2.50 

0.7183 

-0.77 

—  0*  023 

-0. 027 

0.  08  1 

0.0*8 

-0.40 

0.27 

2.71 

2.94 

0.9727 

-0.  71 

-0.027 

-0.030 

0.  075 

0.051 

-0.46 

0.16 

2.99 

2.94 

0.61B7 

—  0 . 65 

-0.  030 

-0.0*0 

0.  077 

0.050 

-0.43 

0.25 

2.81 

2. 7a 

0.8651 

-0.60 

-0.  029 

-0.052 

0.075 

0.050 

-0.43 

0.25 

2.71 

3.19 

0.9313 

-0.5* 

-0.  029 

-0 , 050 

0.074 

0.050 

-0.51 

0.35 

3.02 

3.24 

0.2643 

-0.43 

-9.025 

-0.067 

0.  073 

0.048 

-0.46 

0.29 

2.86 

3.35 

0.6369 

-0.42 

-0.  025 

-0.079 

0.0  75 

0.056 

-0.45 

0.46 

2-95 

3.40 

—0. 0745 

-0.37 

0.232 

-0.005 

0.191 

0.117 

0.58 

-0.04 

2.67 

2.03 

0 . 4385 

-0.31 

0.88* 

-0.005 

0.103 

0.050 

-0.22 

0.04 

2.  73 

3.24 

0.1384 

-0.25 

0.981 

-0.006 

0.086 

0.045 

-0.  1  3 

-0.14 

Z.  72 

3.10 

0.0131 

-0.  19 

1. 03* 

-0.002 

0.077 

0.044 

-0.27 

-0.14 

2.89 

2.95 

-0.0447 

-0.14 

1.  C69 

-0.092 

C.  070 

0.042 

-0.12 

0.03 

2.92 

3.  1 1 

-0.0320 

-0.09 

1. 090 

-O.OJJ 

0. 06* 

0.039 

-0.10 

0.11 

2,93 

3.15 

0.0544 

-0.  J2 

1.  102 

-0.001 

0.  06  2 

0.039 

-0.07 

0.06 

2.91 

2.96 

0.0221 

-0.  00 

1.093 

-0. 003 

0.  062 

0.041 

-0.  14 

0.15 

2.89 

3.10 

-0.01 73 

0.01 

1.092 

0.002 

0.  062 

0.041 

-0.  1  8 

-0.06 

3.08 

2.99 

0.1148 

0.0* 

1. 091 

0.004 

0.  062 

0.040 

-0.21 

-0.09 

2.95 

2.79 

0.0704 

0. 09 

1. 07.-1 

-0.003 

0.  06  3 

0.040 

-0.11 

-0.19 

2.78 

2.80 

-0.0412 

0.15 

1.04  9 

-0.003 

0.  072 

0.042 

-0.19 

-0.27 

2.92 

3.01 

-0.1315 

0. 21 

1.  C09 

-0.003 

0.081 

0.046 

-0.25 

-0.14 

2.75 

3.09 

-0.0553 

0.  26 

0.95.1 

-0.000 

0.  CB9 

0.046 

-0.21 

-0.0  8 

2.77 

2.81 

-0.0765 

0. 32 

0.  €53 

-0.003 

0.  103 

0.050 

-0.24 

-0.06 

2.80 

2.88 

-0.0363 

0. 38 

0.213 

-0.010 

0.  190 

0.111 

0.84 

0.12 

3.19 

2.15 

1.2192 

0.43 

—  0. 04  5 

-0.052 

0.07* 

0.058 

-0.26 

0.S7 

2.80 

3.67 

0.1801 
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Table  A-1.  Continued 


LV  DATA  FOR  X/D  =  0.50 
R/RD  U/UP 


V/UP 


-  REACTING  - 
U’ /UP  V’/UP 


5 

AXIAL 


RADIAL 


K 

AXIAL 


K 

RADIAL 


U'V'/UPZ 

(>  1,000) 


-0»  94 

-0.88 

-0.052 
-0.  096 

-0 .032 

0.  118 

0.110 

0.043 

-0.16 

0.05 

0.06 

2.12 

2.34 

2.92 

0.1771 

-0.83 

-0.  099 

-0.038 

0.  103 

0.045 

0.30 

-0.01 

2.60 

2.92 

0. 3681 

-O.  77 

-0.  104 

-0.048 

0.101 

0.052 

0.05 

0.11 

2.55 

2.90 

0 . 3848 

-0.  FI 

—  0. 076 

-0.049 

0.105 

0.050 

-0.03 

-0.09 

2.45 

2.54 

0.3782 

— 0.65 

-0.  06  3 

-0.048 

0.  1  04 

0.063 

0.01 

0.18 

2.57 

2.62 

O.0703 

-0.60 

-0.024 

-0.043 

0.125 

0.080 

0.20 

0.30 

2.35 

2.48 

1 .3901 

-0.54 

0.033 

-0.035 

0.  137 

0.092 

0.07 

0.17 

2.30 

Z.29 

1.71 59 

—  0.48 

0.  131 

-0.036 

0.153 

0.1  C7 

-0.04 

0.13 

2.42 

2.10 

0*1 40S 

-  0.  42 

0.  26  8 

-0.024 

0.  1  78 

0.120 

0.00 

0.0  1 

2*31 

2.22 

-0. 1520 

-0.37 

0.439 

-0.01b 

0.205 

0.140 

-O.  1  1 

-0.  14 

2.28 

2.15 

2.3819 

-0.31 

0.  722 

-0.009 

0.203 

0.120 

-0.64 

-0.44 

2.84 

2.63 

1 . 64 1 1 

-0.27 

0.834 

-0.005 

0.26  0 

0.080 

-1  .49 

-0.70 

4.53 

3.53 

—0.485 1 

—  0.  19 

1.004 

-0.005 

0.088 

0.059 

-0.52 

-0.66 

3.36 

3.87 

0 .  1443 

-0.14 

l.  040 

-0.003 

0.071 

0.048 

— 0 . 1  T 

-0.27 

2. 68 

3.18 

0.0055 

-o.oa 

1.070 

-0.000 

0.065 

0.041 

-0.  1  7 

0.03 

2.73 

2.81 

-0.0792 

-0.02 

1. 073 

-0.000 

0.06  5 

0.040 

-0.21 

0.09 

2.93 

3.44 

0. 1065 

-0.00 

1.  071 

0.002 

0. 06  1 

0.042 

-0.10 

-0.06 

2.79 

3.29 

-0. 0416 

0.01 

1.073 

0.000 

0.062 

Q.04I 

-0.29 

-0.15 

3.10 

2.99 

0.0186 

0.03 

1. 066 

-0.001 

0.  063 

0.041 

-0.28 

-0.38 

2.87 

3.51 

0.0662 

0.09 

l.  051 

-0.005 

0.070 

0.042 

-0.30 

-0.22 

2.93 

3.00 

0. 0423 

0.21 

0.  9  73 

-0.012 

0.  104 

0.068 

-0.58 

-0.64 

3.38 

3.60 

0.0207 

0.24 

0.  528 

-0.007 

0.267 

0.050 

—2.08 

-0.39 

6.2S 

2.91 

0.2929 

0.27 

0.  874 

-0.006 

0.  156 

0.093 

-0.96 

-0.64 

4.17 

2.97 

0.8131 

0.32 

0.  70  0 

0.004 

0.  199 

0.113 

-0.55 

-0.44 

2.75 

2.78 

1 . 4553 

0.  38 

0.470 

0.001 

C.  22  0 

0*140 

-0.13 

-0.17 

2.47 

2.  16 

1 .5854 

0.44 

0.266 

0.015 

0.196 

0.145 

0.09 

0.10 

2.46 

2.11 

0,7221 
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Table  A-1.  Continued 


L  V  DATA  for  x/o  -  1.00 


-  REACTING  - 


R/RD 

LI/UP 

V/UP 

U'/UP 

V'/UP 

-0.93 

-0.  190 

0.100 

-0.33 

-0.  171- 

-0.013 

0.  1  16 

0.073 

-0.32 

-0.  141 

-0.017 

0.  131 

0.063 

-0.  76 

-0.  07  3 

-0.010 

O.  166 

0.094 

-0.  71 

-O.  02  4 

0. 004 

0.  178 

0.114 

-0.65 

0.  034 

O.OlS 

0.210 

0.125 

-0.59 

O.  123 

0.014 

0.  196 

0.132 

-0.53 

0.  202 

0.024 

0.  199 

0.135 

-0.48 

0.  230 

0.017 

0.  191 

0.142 

-0.42 

0. 365 

0.021 

0.203 

0.142 

-0.  36 

0.501 

0.006 

0.216 

0.150 

-0.31 

0.640 

-0.005 

0.214 

0.129 

-0.24 

0.  607 

0.005 

C.  1  9C 

0.120 

-0.  19 

0.931 

0.0  04 

G.  150 

0.096 

-0.13 

0.  992 

0.001 

0.  1  1  7 

0.074 

-0.03 

1.043 

-0.002 

0.  092 

0.062 

-0.32 

i.  osa 

—0.Q01 

0.  C 74 

0.055 

0,00 

1.054 

-0.000 

0.076 

0.053 

0.32 

1.051 

0.002 

0.077 

0.057 

0.04 

1. 04  7 

0.0  04 

0.  077 

0.055 

0.10 

1.013 

—0 .001 

0.  096 

0 . 063 

0.  16 

C.  961 

-0.014 

G.  132 

0 .090 

0. 21 

0.  394 

-0.009 

0.  166 

0.1  03 

0.27 

0.  76  0 

—0. 006 

0.  206 

0.127 

0.32 

0.562 

0.004 

0.240 

0.136 

0.33 

0.  46  7 

0.010 

0.217 

0.146 

0.44 

0.  353 

0.012 

0.209 

0.144 

S 

S 

K 

K 

U'V'/UP2 

AXIAL 

RADIAL 

AXIAL 

RADIAL 

(x  1,000] 

0.41 

3.23 

0.73 

0.S6 

3.61 

3.44 

0.2636 

0.59 

0.24 

2.91 

2.49 

1 . 254 1 

0.46 

0.22 

2.35 

2.34 

2.9167 

0.30 

0.34 

2.32 

2.63 

2.2206 

0.04 

0.21 

2.34 

2.28 

2.S9I0 

-0*23 

0.  1  1 

2.41 

2.22 

3. 7067 

-0.24 

0.04 

2  .65 

2*31 

1.5610 

-0.13 

0.00 

2.77 

2.23 

0.9121 

0.07 

0.02 

2.63 

2.20 

1.6317 

-0.06 

-0.06 

2.30 

2.19 

2.0426 

-0.32 

-0.32 

2.45 

2.46 

1.3634 

-0.68 

-0.47 

2.97 

3.08 

2.2246 

-1.00 

-0.63 

3.96 

3.53 

1.1153 

-1  .  1  0 

-0.51 

4.77 

3.45 

Q.3503 

-0.94 

-0*44 

4.69 

3*79 

-0.0636 

-0.42 

-0.32 

3.44 

3.67 

-0.0827 

-0.50 

0.04 

3.60 

3.  14 

-0.1009 

-0.46 

0.00 

3.31 

3.50 

0.0158 

—0.3  6 

0.11 

3.07 

3.57 

-0.0045 

-0.64 

-0.32 

4.17 

3.27 

-0.2780 

-1.22 

-0.85 

4.94 

3.73 

0.4286 

-0.64 

-0.56 

3. 45 

3.01 

0.7141 

-0.59 

-0.36 

2.71 

2.64 

'  0.3200 

-0.29 

-0.23 

2.34 

2.46 

1.9725 

-0.04 

-0.11 

2.46 

2.26 

2.0781 

-0.07 

0.03 

2.79 

2.24 

2.2371 
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Table  A-1.  Continued 


LV  DATA  FOR  X/D  »  2.00  -  REACTING  - 


R/RD 

U/JP 

V/UP 

V'/UP 

V'/UP 

s 

s 

K 

K 

U' V'/UP2 

AXIAL 

RADIAL 

AXIAL 

RADIAL 

(.  1,000) 

-0.93 

-0. 105 

0.  139 

0.57 

2.80 

-o.es 

-0.  066 

0.006 

0.  156 

0.1  11 

0.54 

0.45 

2.65 

2.77 

2. 1598 

-0. 32 

-0.040 

0.008 

0.  161 

0.119 

0.40 

0.24 

2.40 

2.39 

1 . 8573 

-0.  76 

0.02  0 

O.OlS 

□  .  161 

0.126 

0.26 

0.22 

2.46 

2.23 

2.8029 

-o.  n 

O.  080 

0.033 

0.202 

0.138 

0.  1  1 

0.14 

2.32 

2.23 

3.5032 

—  O.  65 

0.  110 

0.027 

0.  199 

0.142 

0.03 

0.01 

2.35 

2.26 

4.431 1 

-0.59 

0.  18S 

0.024 

0.2Q2 

0.151 

-0.12 

-0.05 

2.43 

2.11 

3.1670 

-0. 53 

0.  237 

0.034 

0.208 

0.155 

-O.OS 

-0.07 

2.57 

2.34 

3.07S1 

-0.43 

0.  291 

0.026 

0.225 

0.153 

-0.21 

-0.11 

2.71 

2.31 

3. 7844 

-0.42 

0.36  9 

0.025 

0.227 

0.152 

-0.0  7 

-0.09 

2.63 

2.22 

0.9602 

-O.  30 

0.449 

0.016 

0.231 

0.1  53 

-0.1  1 

—0 .13 

2.65 

2.34 

3.6411 

-0.30 

0.S24 

0.010 

0.222 

0.147 

-0.18 

-0.10 

2.63 

2.43 

3.561 1 

-0.25 

0.  595 

0.005 

0.234 

0.152 

-0.2J 

-0.14 

2.54 

2.54 

0.8802 

-0.19 

0.676 

0.0  04 

0.229 

0.145 

-0.33 

-0.27 

2.29 

2.50 

1  .6228 

-0.13 

O.  749 

-0.002 

0.216 

0.  1  38 

-0.54 

-0.13 

2.60 

2.41 

0.8189 

-O.OS 

0.  £09 

-0.000 

0.205 

0.132 

-0.66 

-0.09 

2.82 

2.52 

0.4533 

-0.02 

0.  €36 

-0.008 

0.208 

0.133 

-0.72 

-0.06 

2.84 

2.66 

0.3421 

0.00 

0.  837 

-0.003 

0.196 

0.136 

-0.63 

-0.13 

2.86 

2.62 

0.9437 

0.02 

0.84  2 

0.006 

0.  20  1 

0.130 

-0.75 

-0.1  1 

2.94 

2.69 

-O. I 956 

0.04 

C.  840 

-O.OQl 

0.  199 

0.129 

-0.86 

-0.00 

3.23 

2.65 

0.9736 

0.  10 

0.  805 

-0.001 

0.216 

0.129 

-0.75 

-0.  1  7 

3.04 

2.57 

0.8513 

0.15 

0.694 

0.002 

0. 268 

0.140 

-0.59 

-0.22 

2.51 

2.52 

0.6448 

0.21 

0.637 

0.004 

0.235 

0.149 

-0.32 

-0.20 

2.58 

2.56 

1 .9608 

0.27 

0.55  1 

0.008 

C.240 

0.153 

-0.23 

-0.14 

2.40 

2.41 

3.3750 

0.32 

0.  485 

0.027 

0.230 

0.1  54 

-0.14 

-0.14 

2.53 

2.32 

2.9732 

0.33 

0.404 

0.019 

0.232 

0.151 

-0.13 

-0.07 

2.62 

2.20 

3.2143 

0*44 

0.  316 

0.032 

0.233 

0.162 

-0.13 

0.00 

2.52 

2.25 

3.6032 
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Table  A-1.  Continued 


lv  data  for  x/d  =  3.oi 


-  REACTING  - 


R/RD 

U/UP 

V/UP 

U'/UP 

V'/UP 

0.95 

o.  a  14 

0.096 

0.93 

0.  C26 

0.  146 

0.  90 

0.012 

-0.006 

0.143 

0 .06  9 

0.88 

0.  049 

0.006 

0.149 

0.1  01 

0.  86 

0.032 

0.002 

a.  150 

0.004 

0.82 

O.  063 

0.021 

0.147 

0.121 

o.  no 

0.  06  7 

-0.002 

0.151 

0.064 

0.  rr 

0.  075 

0.009 

0.  161 

0 . 1  02 

0.  7  6 

0.  121 

0.015 

0.  166 

0.121 

0.  71 

0.  124 

0.025 

0*  158 

0.1  33 

0.70 

o.  lie 

0.016 

0.170 

0.111 

0.65 

0.  165 

0.031 

0.  178 

0.120 

0*6-5 

0.  154 

0  .026 

0.167 

0.137 

0.59 

0.  199 

0.034 

0.  175 

0.121 

0.59 

0.  194 

0.030 

0.171 

0.139 

0.54 

0.220 

0.023 

0.  174 

0.120 

0.55 

a.  220 

0.030 

0.176 

0.143 

0.46 

0.253 

0.032 

0.  174 

0.144 

0.  42 

a.  306 

0. 026 

0.207 

0.116 

0.42 

0.302 

0.026 

0.  194 

0.153 

0.  35 

0.  334 

0.021 

0.  196 

0.151 

0.  31 

0.  422 

0.022 

0.197 

0. 1  11 

0.31 

0.376 

0.019 

0.195 

0.149 

s 

S 

K 

K 

U'V'/UP2 

AXIAL 

RADIAL 

AXIAL 

RADIAL 

(.  1,000) 

0.24 

2.32 

0.17 

2.49 

0.35 

0.45 

2.31 

2.68 

1.1924 

0.21 

0.30 

2.57 

2.47 

0.2383 

0.23 

0.42 

2.41 

2*48 

1.9580 

0.25 

0.25 

2.64 

2.37 

1.5199 

0.23 

0.11 

2.37 

2.32 

2.3650 

0.25 

0.09 

2.43 

2.21 

4.0634 

0.29 

0.19 

2.80 

2.26 

0.9903 

0.04 

0.06 

2.45 

2.29 

2.5259 

0.07 

0.26 

2.36 

2.31 

3.4079 

0.09 

0.16 

2.62 

2.22 

4.3591 

0.18 

0.13 

2.61 

2.26 

2.5606 

— 0 .10 

-0.11 

2.54 

2.26 

4. 1676 

0.07 

0.03 

2.B2 

2.36 

2.2521 

-0.06 

0.06 

2.34 

2.25 

3.6437 

0.07 

0.01 

2.75 

2.25 

I .2262 

0.05 

-0.05 

2.64 

2.28 

0.4095 

0.0  7 

-0.09 

2. 55 

2.28 

4.1729 

0.16 

0.01 

2.57 

2.44 

2.3130 

0.01 

0.00 

2.61 

2.23 

2.2349 

0.01 

-0.10 

2.52 

2.33 

3.9678 

0.03 

0.06 

2.60 

2.38 

-0.0961 
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Table  A-1.  Continued 


LV  DATA  FOR  X/D  =  3.01  -  REACTING  - 


R/RD 

U/UP 

V/UP 

U'/UP 

vyup 

0.25 

0.  402 

0.019 

0.202 

0.155 

O*  19 

0.50  0 

0.024 

0.  205 

0*128 

0.  19 

0.442 

0.016 

0.  197 

0.  160 

0.13 

0.  459 

0.012 

0.  192 

0.156 

0.09 

0.52  9 

0.001 

0.187 

0.117 

o.oa 

0.  466 

0.001 

0.197 

0.153 

0*02 

O.  49  7 

0.004 

0.  194 

0.157 

0.02 

0.551 

0.009 

C.200 

0.108 

0.00 

0.485 

—0 .008 

0.  191 

0.153 

0.00 

0.556 

0.004 

0.200 

0.111 

0.02 

0.45  4 

-0.002 

0.204 

0.152 

0.04 

0.  472 

0.004 

.  0. 196 

0.156 

0.10 

0.47  7 

0. 01  0 

0.  199 

0.152 

0.  14 

0.  495 

0.0  06 

0.  186 

0.106 

0.15 

0.  443 

0.013 

0.201 

0.149 

0.  19 

0.  47  3 

0.015 

0.193 

0.118 

0.21 

0.  41  1 

0.01S 

0.  192 

0.148 

0.26 

0.  393 

0.032 

0.  196 

0.146 

0.32 

0.366 

0.044 

C.  189 

0.151 

0.37 

0.  343 

0.035 

0.  186 

0.115 

0.38 

0.323 

0.C45 

0.  193 

0.147 

0.44 

0.272 

0.050 

0.195 

0.143 

$ 

$ 

K 

K 

U'VVUP2 

AXIAL 

RADIAL  ' 

AXIAL 

ra'di  al 

(x  1,000) 

0.14 

-0.06 

2.62 

2.38 

0 . 7020 

-0.17 

0.01 

2.40 

2.28 

4.3924 

0.06 

0.01 

2.42 

2.27 

1.5713 

-0.01 

0.04 

2.45 

2.38 

0.9545 

-0.22 

-0.25 

2.24 

2.68 

1.0845 

0.05 

-0.03 

2.46 

2.40 

0.0725 

0.06 

-0.02 

2.47 

2.32 

-1.1223 

-0.25 

0-04 

2.42 

2.54 

1 .1402 

0.04 

-0  .04 

2.53 

2.47 

-0.2604 

-0.35 

-0.19 

2.75 

2.49 

1 . 5671 

0.09 

0.10 

2.56 

2.32 

Q.90Q0 

0.09 

0.03 

2.49 

2.33 

-0.71 12 

0.01 

0.05 

2.50 

2.48 

-0.6123 

-0.09 

-0.00 

2*26 

2.  16 

2.0802 

-0.02 

0.10 

2.70 

2.34 

1.4803 

0.08 

-0.02 

2.41 

2.41 

2. 1 776 

0.07 

0.12 

2.72 

2.41 

0.6568 

0.11 

0.03 

2.ai 

2.33 

0.2280 

0.05 

0.08 

2.58 

2.33 

0.3163 

0.07 

0.09 

2.41 

2.38 

2.6041 

0.00 

-0.05 

2.64 

2.30 

0.5236 

0.  14 

0.04 

2.71 

2.16 

2.4802 
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Table  A-l.  Continued 


LV  DATA  FOR  X/D  -4.01  _  REACTING  - 


R/RD 

U/UP 

V/UP 

U'/UP 

V/UP 

s 

s 

K 

K 

U‘V/UPZ 

AXIAL 

RADIAL 

AXIAL 

RADIAL 

(x  1,000) 

-0.95 

0.  11  3 

O.  103 

0.23 

3.59 

-0.90 

0.  124 

C.  1  07 

0.24 

2.87 

-0.88 

0.  14  1 

0.007 

0.098 

0.077 

0.20 

0.97 

3.  2  3 

4.64 

-0.1333 

-  0.  36 

0.  134 

0*100 

0.3  3 

2.99 

-0.82 

0.  141 

0.012 

0.  102 

0.079 

0.38 

0.42 

3.02 

2.81 

0.2871 

-0.  76 

0.  145 

0.006 

0*104 

0*077 

0.08 

0.27 

2.84 

2.53 

0.2092 

-0. 76 

0.  157 

0.016 

0.106 

0.089 

0.13 

0*17 

2.86 

2.61 

-0. 1668 

-0.  71 

0.  166 

0.028 

0.106 

0.094 

0.20 

0.18 

2.89 

2.65 

0.2479 

-0.  71 

0.  156 

0.015 

0.  1  1  5 

0.083 

0.23 

0.23 

2. 74 

2.55 

0.0438 

—  O.63 

0.  17  7 

0.029 

0.  113 

0.096 

0.18 

0.23 

2.71 

2.59 

0.5678 

-0.65 

0.  166 

0.012 

□  .114 

0.038 

0.19 

0.14 

2.  7  1 

2,48 

0.2266 

-0.60 

O.  19  3 

0,031 

0,114 

0. 1  03 

0.24 

0.12 

2.88 

2.65 

-0. 1070 

-0.57 

0.  191 

0.009 

0.  124 

0 .083 

0.25 

0.04 

2.68 

2.36 

0,8261 

-0.53 

0.  205 

0.026 

0.118 

0.1 07. 

0.33 

0.14 

3.17 

2.56 

0. 1 1 00 

-0.53 

0.  20  0 

0 . 0  1  S 

0.  123 

0.085 

0.16 

0.21 

2.58 

2.53 

0.8239 

-0.48 

0.21  9 

0.027 

0.  121 

0.105 

0.10 

0.  16 

2.72 

2.52 

0.3221 

-0.4? 

0.  21  1 

0.013 

0.127 

0.039 

0.29 

0.27 

2.84 

2  .59 

-0.0120 

-0.42 

0.219 

0.0  13 

0.  128 

0.098 

0.23 

0.23 

2.66 

2.69 

0.7674 

-0.4? 

0.229 

0.020 

0.  127 

0.1  03 

0.33 

0.21 

2.79 

2.35 

0.5128 

-0.36 

0.  237 

0.015 

0.  127 

0.092 

0.3  7 

0.11 

2. 96 

2.50 

0.0540 

-0.30 

0.  239 

0. 022 

0.121 

0.111 

0.19 

0.20 

2.86 

2.50 

0.3241 

-0.31 

0.250 

0.020 

0.  125 

0.119 

0.27 

-0.07 

2.80 

2.67 

-0.5854 

-0.  30 

0.  249 

0.015 

0.127 

0.0  94 

0.09 

0.23 

2.69 

2.44 

0.4096 

-0.25 

0.25  3 

0.010 

0.  131 

0.095 

0.23 

0.09 

2.85 

2.59 

0.5807 

-0.25 

0.26  4 

0.016 

0.  132 

0.113 

0.21 

0.02 

2.73 

2.53 

0.6527 

-0.19 

0.273 

0.007 

0.  130 

0.1  13 

0.23 

0,13 

2.97 

2.48 

0.8699 
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Table  A-1.  Continued 


vo 


LV  DATA  FOR  X/D  =  4.01  -  REACTING  - 


R/RD 

U/UP 

V/UP 

U'/UP 

V/UP 

-0.  I 9 

0.  276 

0.011 

0.  13  3 

0.095 

>0.13 

0.  202 

0.006 

0.  131 

0.  1  06 

-0.  13 

0.  277 

0.010 

0.  136 

0.100 

-0.03 

0.28  5 

0.C04 

Q.  128 

3. 095 

-0.07 

0.  281 

0.010 

0.  128 

0.114 

-0.3? 

0.  285 

-0.000 

0.133 

3.093 

-0.0  2 

0.287 

-0.002 

0.132 

0.113 

-0.  03 

0.  279 

-0.004 

0.  130 

0  .I  t  1 

0.00 

0.294 

-0.000 

O.  1  36 

0.090 

0.  J2 

0.  272 

-0.003 

0.  128 

0.1  15 

0.02 

0.  282 

0.032 

0.  130 

0.094 

0.04 

3.2  73 

0.005 

C.  130 

0.1  11 

0.0  7 

0.  282 

0.0  06 

0.  132 

0.094 

0. 10 

0.  277 

0.0  1? 

0.  135 

0,110 

0.14 

3.26  5 

0.005 

0.  130 

0.096 

0.15 

0.  2b  0 

0.013 

C.  130 

0.115 

0.  19 

0.  264 

0.303 

C.  130 

0.092 

0.21 

0. 261 

0.015 

0.  129 

0.1  1  1 

0 . 25 

0.  258 

0.016 

0*  120 

0.093 

0.27 

0.255 

0.017 

0.  128 

0.1  08 

0.30 

0.  24  3 

0.015 

0.  125 

0.094 

0. 30 

0.  24  4 

0.008 

0.123 

0.089 

0.33 

0.  248 

0.026 

0.132 

0.109 

0.36 

0.  235 

0.027 

0.  1  19 

0.086 

0.39 

0.  22  7 

0.025 

0.126 

0.104 

0.42 

0.  21  9 

0.019 

0.  122 

0.091 

0,44 

0.  119 

0.C99 

S 

S 

K 

K 

u'vyup* 

AXIAL 

RADIAL 

AXIAL 

RADIAL 

(x  1,000) 

0.24 

-0.03 

2.75 

2.45 

0.4482 

0  rnZa 

0.0  1 

2.80 

2.40 

0.2786 

0.26 

-0.02 

2.67 

2.53 

0.0218 

0.27 

-0.05 

2.62 

2.50 

-0.1972 

0.28 

0.02 

2.91 

2.49 

0.4385 

0.24 

0.07 

2.74 

2.58 

-0.3597 

0.22 

-0.05 

2.87 

2.53 

-0.0640 

0.27 

0.04 

3.07 

2.5  3 

0,5537 

0.30 

0  .06 

2.85 

2.69 

0. 1795 

0.2  1 

1 

O 

■ 

2.60 

2.62 

-0.5570 

0.2  7 

-0.03 

2.74 

2.62 

-0.1533 

0.27 

0.05 

2.93 

2.51 

0.4021 

0.30 

0.06 

2.86 

2.48 

-0.1562 

0  .22 

-0.02 

2.49 

2.56 

0.5550 

0.2? 

-0.05 

2.71 

2.54 

-0.2287 

0.2  7 

-0.16 

2.83 

2.97 

0.2562 

0,2b 

0.04 

2.79 

2. 45 

-0*2819 

0.31 

0.07 

3.  15 

2.4  7 

-0.2263 

0.21 

0.14 

2.71 

2.72 

O. 1  SOI 

0.29 

0.09 

2.96 

2.55 

0.3656 

0.30 

0.06 

2.78 

2.53 

0.6400 

0.26 

0.03 

2.61 

2.46 

0.3709 

0.26 

0.03 

2.69 

2.51 

0.7251 

0.29 

0.26 

2.55 

2.57 

0.4845 

0.26 

0.12 

2.8  2 

2.57 

0.5384 

0.22 

0.15 

2.73 

.2.42 

0.2923 

0.13 

2.76 
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Table  A-1.  Continued 


LV  DATA  FOR  X/D  =  5.01  —  RKACTTNG  — 


R/RD 

U/UP 

V/UP 

U  '/UP 

V'/UP 

5 

S 

K 

K 

U‘WUPZ 

AXIAL 

RADIAL 

AXIAL 

RADIAL 

(x  1,000) 

-0.93 

0.  X 53 

0.071 

0.100 

0.166 

-0.07 

0.70 

2.14 

2.79 

4.2182 

-0.93 

0*137 

0.072 

0.14 

2*85 

-  0 . 3-1 

a.  144 

0.CC4 

0.076 

0.029 

-0.05 

0*19 

2.42 

2.53 

0.2518 

-0.S8 

0.  152 

-0.0  JO 

0.074 

0  *  045 

0.32 

0.27 

2.94 

2.80 

-0.0794 

-0.32 

0.  137 

0 .003 

0.  071 

0.031 

0.36 

0*17 

2.80 

2*07 

0.3103 

-0.82 

0.  154 

-0.001 

0.073 

0.051 

0.27 

0.37 

2.82 

2.89 

-0.0418 

-0. 73 

0.  ISO 

0*001 

0.077 

0.038 

0.27 

0.07 

2.78 

2.06 

0.2062 

-0.  76 

0.  165 

0.002 

o.  ces 

0.055 

0.80 

0.25 

4.30 

2.96 

0.2015 

-0.74 

0.  141 

0.003 

0.071 

0.042 

0.20 

-0.09 

2.58 

2.43 

0.2779 

-0.71 

0.  158 

0.0  03 

0.  074 

0.058 

0.34 

0.  1  7 

2.87 

3.00 

-0.0467 

-0*68 

0.  146 

0.007 

0.073 

0.042 

.0.0  7 

0.15 

2.57 

2.25 

0.3007 

-0.65 

0.  16  1 

0.006 

0.C75 

0.0.60 

0.27 

o:is 

2.  82 

2.65 

0.0579 

-0.62 

0*  IS 4 

0*006 

0.081 

0.051 

0.1  3 

-0.08 

2.55 

2.30 

0.5630 

-0.S9 

0.  165 

0.0  05 

0.074 

0.061 

0.30 

0.30 

2.84 

2.86 

—  0 .01  S3 

-0.56 

0.  155 

0.005 

0.  078 

0.051 

0.28 

0.17 

2.68 

2.26 

0*4070 

-0.53 

0.  178 

0.0  07 

0.  088 

0.065 

0.66 

9.20 

4.08 

2.61 

-0.0375 

-0.51 

0.  IS  7 

0.008 

0.  077 

0.053 

0.21 

0.  I  4 

2.75 

2.42 

0.1760 

-0.48 

0.  130 

0.007 

0.  090 

o;o6s 

0.62 

0.21 

3.83 

2.81 

-0.1087 

-0.45 

0.  162 

-0.002 

0.  078 

0.053 

0*10 

0.10 

2.93 

2.72 

0.1726 

-0.42 

0.  176 

0.005 

0. 082 

0.067 

0.33 

0.16 

3.18 

2.66 

-0.0252 

-0.39 

0*  169 

-0.000 

0.075 

0.056 

0.11 

0.10 

2*60 

2.35 

0.0335 

-0.37 

0.  176 

0.007 

0*  077 

0.06  7 

0.22 

0.  OB 

2.94 

2.77 

0.2443 

-0*34 

0.  167 

0.007 

0.086 

0.057 

0.49 

-0.01 

3.05 

2.92 

0.2354 

-0.31 

0.  17S 

0.005 

0.077 

0.066 

0.3  3 

0.20 

2.77 

2.73 

0.0774 

-0.28 

0.  181 

0.007 

0.083 

0.057 

0.26 

-0.01 

2.44 

2.56 

0.5919 

-0.24 

0.  181 

0.004 

0.080 

0.069 

0.21 

0.02 

2.96 

2.69 

-0.0364 

-0.23 

0.  176 

0.007 

0.  078 

9.058 

0.17 

-0*01 

2.59 

2.24 

0.0449 
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Table  A-1.  Continued 


LV  DATA  FOR  X/O  =  5.01  —  REACTING  — 


R/RD 

U/UP 

V/UP 

u/up 

V'/UP 

$ 

AXIAL 

S 

RADIAL 

K 

AXIAL 

K 

RADIAL 

u’v'/up2 

(x  1,000) 

-0.  19 

0.  163 

-0.000 

O.  C79 

0.066 

0.27 

0.06 

3.06 

2.70 

0 . 0659 

-0.  16 

0.  181 

0.011 

0.  066 

0.060 

0.14 

-0.00 

2.64 

2.35 

-0.0524 

-0.13 

0.  178 

-0.000 

o.  cai 

0.069 

0.27 

0.14 

2.97 

2.69 

-0. 0492 

-0. 1 1 

0.163 

0.004 

0.085 

0.061 

0.13 

-0.07 

2.89 

2.62 

0.3867 

-0.08 

0.  163 

0.001 

□  .  07a 

0.066 

0.41 

0.03 

3.46 

2.66 

-0.0601 

-0.05 

0.  167 

-0.000 

o.cat 

0.057 

0.21 

-0.0  3 

2.62 

2.41 

0.2052 

-0.02 

0.  182 

0.0  03 

0.062 

0.068 

0.26 

-0.05 

2. 74 

2.67 

-0.1772 

-0.30 

0.  184 

0*001 

0.  076 

0.068 

0.21 

0.10 

2.89 

2.82 

-0.1743 

0.01 

o.  ies 

0.000 

0.087 

0.057 

0.21 

0.05 

2.62 

2.  74 

-0.001B 

0.02 

0.  162 

0.005 

0.  076 

0.067 

0.30 

-0.02 

2.90 

2.65 

-0.1521 

0.03 

0.  174 

0.006 

0.  078 

0.057 

0.09 

-0.00 

2.57 

2.36 

-0.0671 

0.04 

0.  1  85 

0*002 

a. oao 

0.069 

0.27 

0.11 

2.96 

2.70 

-0.0259 

0.05 

O.  177 

-0.003 

0.  079 

0.053 

0.37 

0.22 

3.57 

2.51 

0.1907 

o.  to 

0.  162 

0.003 

a. 078 

0.067 

0.26 

0.1  1 

2.67 

2.77 

0.2111 

0.10 

o.  iao 

-0.001 

0.064 

0.053 

0.28 

0.14 

2.73 

2.31 

0.2637 

0.15 

0.  ISO 

0.005 

0.  079 

0.066 

0.1  9 

-0.03 

2.67 

2.  70 

0.1363 

0.16 

0.  175 

O.OOS 

0.  074 

0.059 

0.17 

-0.02 

2.96 

2.32 

-0.1719 

0.21 

0.  181 

0.007 

0.079 

0.065 

0.42 

0.12 

3.30 

2.74 

0.1660 

0.22 

O.  173 

0.0  03 

0.078 

0.057 

0*15 

0.23 

2.80 

2.57 

-0.2554 

0.27 

0.  173 

0.0C7 

0.  077 

<3.067 

0.28 

0.09 

3.00 

2.65 

— 0 . 0870 

0.28 

0.  169 

0.010 

0.  079 

0.057 

0.25 

0.16 

2.96 

2.70 

-0.0958 

0.32 

0.  175 

0.009 

0.078 

0.069 

0.36 

0.07 

3.  13 

2.92 

-0.0327 

0.33 

0.  167 

0.009 

0.  075 

0.057 

0.12 

0.20 

2.65 

2.48 

0.1265 

0.38 

0.  16  7 

0.009 

0.076 

0.067 

0.31 

0.05 

3.06 

2.68 

-0.0513 

0.39 

0.44 

0.  159 
0.  141 

0.006 

0.072 

0.070 

0.053 

0,23 

0.33 

0.20 

2.81 

3.03 

2.46 

0.1002 

0.44 

0.  153 

0.007 

0.072 

0.057 

0.26 

0.08 

2.50 

2.  1  1 

0.1178 
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Table  A-1.  Continued 


LV  DATA  FOR  X/D -6.01  -  REACTING- 


R/RD 

U/UP 

V/liP 

U7UP 

V’/UP 

S 

AXIAL 

S 

RADIAL 

K 

AXIAL 

K 

RADIAL 

U'VVUP2 
(«  1,000) 

-0.94 

J.  135 

0. 01  1 

0.  05 4 

0.065 

-0.25 

-0.72 

2.b6 

3*38 

-0. 761 3 

-0.8-1 

0.149 

-0.001 

0. 05  8 

0.030 

0.19 

0.18 

3.14 

3.  14 

0 . 1 265 

-0.  81 

0.  154 

-0.002 

0.055 

0.035 

0*16 

0.4* 

2.97 

3.46 

0.0155 

-0.  76 

0.  149 

-0.002 

0.  058 

0.036 

0 .30 

0.19 

3.10 

3.  13 

0.0034 

-o.  ro 

0.  153 

-0.001 

0.  056 

0.038 

0.29 

o.i  a 

2.90 

2.96 

0.0207 

-0.65 

0.  152 

0.001 

-  0.053 

0.040 

0.24 

0.03 

3.  14 

3.  16 

-0.0403 

-0.60 

0.  150 

0.0  01 

0.  C54 

0.041 

0.12 

0.14 

2.90 

2.87 

-0.0100 

-0.54 

0.  149 

0.931 

0.055 

0.043 

0.22 

0.  12 

3.15 

2.87 

0.0095 

-0.48 

0.  15  0 

0. 0C2 

0.054 

0.043 

0.14 

0.24 

3.12 

2.78 

0.0203 

-0.42 

9.  145 

0.001 

0.054 

0.043 

0.15 

-0.01 

2.87 

2.77 

0. 1544 

-0.  16 

0.  149 

0.0  03 

0*  054 

0.044 

0.2  7 

-0.01 

3.07 

2.83 

-0.0979 

-o..n 

0.  149 

0.001 

0.  056 

0.045 

0.27 

0.04 

3.26 

2.71 

-0.041 1 

-0.25 

0.  148 

0.002 

0.  054 

0.046 

0.16 

-0.03 

3.09 

2.67 

0*1087 

-0*  19 

0.  149 

0.000 

0.057 

0.044 

0.13 

0 . 04 

3.04 

2.53 

0.0319 

-0.  1 3 

0.147 

-0.000 

0.054 

0.047 

o.  la 

0.07 

2.95 

2.90 

-0.0501 

-0.0  r 

0.  145 

0. 0  04 

0.053 

0.060 

0.26 

1.37 

3.19 

12.41 

0.0261 

0.00 

0.  152 

-0.001 

0.05  3 

0.044 

0.18 

0.12 

2.76 

2.56 

0.0284 

0.  02 

0*  151 

0.001 

0.  054 

0.043 

0.2  7 

-0.00 

2.79 

2.47 

-0.0522 

0.  04 

0.  IS  J 

0.001 

0.053 

0.041 

0.16 

0  .  (J  5 

2.78 

2.40 

0.0567 

0.  10 

0.  149 

0.000 

0.055 

0.043 

0.10 

0.06 

2.76 

2.26 

-0.01 28 

0.15 

0.  146 

0.0  03 

0.  C5l 

0.041 

0.18 

0.10 

2.63 

2.43 

-0.0033 

U.21 

0.  144 

0.0  02 

0.051 

0.043 

0.  14 

0.03 

2.62 

2.47 

0.0530 

0 .27 

0.  142 

o.ooo 

0.  052 

0.041 

0.09 

0.  1  7 

2.72 

2.42 

-0.0706 

0.  32 

0.  147 

0.001 

0.  051 

0.040 

0.03 

0.24 

2.69 

2.31 

0.0679 

0.33 

0.44 

0.  151 

0.  129 

0.002 

0.  052 

0.  055 

0.041 

-0.06 

0.2  J 

0.2  1 

7.S? 

2.97 

2.40 

-0,1466 

N 
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Table  A-1.  Continued 


LV  DATA  FOR  X/D-  0.10 


-  NONRE ACTING  - 


R/RD 

U/UP 

V/UP 

UVUP 

V’/UP 

0.16 

0.  759 

0.014 

0.  125 

0.064 

0.  31 

0.962 

-0.002 

0.  1  00 

0.049 

0.24 

1.014 

0.001 

0.113 

0.044 

0.13 

1.079 

0.0  04 

0.  074 

0.040 

0.13 

1.107 

C.005 

0.  06  7 

0.036 

0.08 

1.C93 

0.002 

0.113 

0-037 

0.02 

1. 094 

-0.000 

0.  106 

0.038 

0.04 

1.110 

-0.0  31 

0.057 

0.037 

0.06 

1.09  7 

-0.001 

0.  06  0 

0.038 

0.07 

1.111 

0.0  01 

0. 06  5 

0.037 

0.  08 

1.096 

-0.003 

0.  06  3 

0,039 

0.  10 

I.  100 

-0.003 

0.  065 

0.039 

0.16 

1.059 

-0.002 

0.  074 

0.041 

0.  21 

1. 020 

-0.002 

0.077 

0.042 

0.27 

0.  977 

-0.005 

0.  068 

0.045 

0.33 

0.891 

0.002 

0*  094 

0.044 

0. 33 

0.  74  0 

0.009 

0.123 

0.054 

s 

S 

K 

K 

u'v’/upz 

AXIAL 

RADIAL 

AXIAL 

RADIAL 

(>c  1,000) 

-0.0  l 

-0.46 

2.73 

3.  19 

0.1752 

-0.2  1 

-0.14 

2.78 

2.80 

0*1815 

-1.10 

-0.1  1 

5.00 

2.72 

0.1836 

-0.31 

-0.19 

2.91 

2.95 

0.1067 

-0.26 

-0.  14 

3.15 

2,  79 

0.1193 

-2.17 

-0.06 

9.13 

2.96 

0.041 7 

-2.07 

-0.12 

8.48 

2.88 

0.0615 

-0.09 

-o.oa 

3.04 

3.17 

0.0744 

-0.10 

-0.10 

2.75 

2.95 

-0.0009 

-0.25 

-0.13 

3,04 

2.84 

-0.0438 

-0.20 

-0.13 

3.00 

3.37 

-0.0371 

-0.1S 

-0.07 

2.92 

3.  05 

-0.0569 

-0.30 

-0.13 

3.14 

2.77 

0.0925 

-0.22 

-0.  14 

2.87 

2.70 

-0.0261 

-0.17 

-0.18 

2.60 

2.72 

0.0187 

-0,19 

0.13 

2.70 

2.55 

0.0837 

-0.18 

-0.29 

2.93 

3.34 

0.3397 

Table  A-1.  Continued 


L V  DATA  FOR  X/D  =  0.50  _  NONREACTING  - 


R/RD 

U/UP 

V/UP 

U'/UP 

V7UP 

S 

AXIAL 

S 

RADIAL 

K 

AXIAL 

K 

RADIAL 

U'VVUP2 

(X  1.000) 

-0*46 

0.54  3 

0.100 

0.  168 

0.095 

-0.52 

-0.8S 

2.87 

3.57 

1 .4164 

-0.40 

0.  733 

0 .070 

0.  144 

0.0  72 

-0.70 

-0.90 

3.48 

4.03 

0.9407 

-0.35 

0*866 

0.034 

0.  105 

0.048 

-0.38 

-0.38 

3.28 

3.33 

0.4877 

-0.2? 

0.  55  8 

0.005 

0.  093 

0.048 

-0.30 

-0.29 

2.70 

2.92 

0.2531 

-0.24 

1.  CQ7 

-0.006 

0.  085 

0.046 

-0.28 

-0.21 

2.87 

3.01 

0.1139 

-0.  IT 

I.  071 

0.003 

0.  073 

0.042 

-0.21 

-0.10 

2.84 

2.90 

0.1326 

-0.  1  2 

1.097 

0.000 

0.067 

0.039 

-0.26 

-0.2  3 

2.95 

2.95 

0.1052 

-0.06 

1.  112 

-0.001 

0.061 

0.037 

-0.22 

-0.18 

3.02 

3.09 

0.0031 

-0.00 

1.  131 

0.000 

0.06  0 

0.037 

-0*30 

-0.  1  3 

3. 04 

2.92 

-0.0325 

0.05 

1.  120 

-0.000 

0.  066 

0.036 

-0.24 

-0.01 

3.07 

3.08 

0.0356 

0.07 

1.  113 

0.000 

0.062 

0.0  38 

-0.27 

0.00 

2.77 

2.64 

0.0358 

0.09 

1.  107 

—0.000 

0.065 

0.039 

-0.23 

-0.09 

3.03 

3.14 

0 . 0488 

0.  11 

1. 055 

-0.005 

0.070 

0.040 

-0.1  9 

-0.  IB 

3.13 

3.29 

-0.0969 

0.  t  7 

1.055 

-0.001 

0.078 

0.042 

-0.31 

-0.13 

2.93 

2.75 

0.0332 

0.23 

1.  01  6 

-0.001 

0.  061 

0.046 

-0.24 

-0.14 

2.99 

3.12 

0. 0716 

0.2a 

0.  S71 

0.001 

C.  090 

0.049 

-0.24 

-0.08 

2.82 

2.88 

0.1276 

0.34 

0.  90  1 

0.011 

0.094 

0.049 

-0.13 

-0.  04 

2.79 

3.08 

-0.1374 

0.40 

0.  769 

0.033 

0.125 

0.0  72 

-0.59 

-0.99 

3.46 

4.41 

0.3343 

0.45 

0.596 

0.05? 

0.184 

0.112 

-0.53 

-0.87 

2.86 

3.42 

0.6287 

0.51 

0.  340 

0.061 

0.234 

0.139 

-0.41 

-0.56 

2.72 

2.39 

1.9491 
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Table  A-1.  Continued 


LV  DATA  FOR  X/D  =1,00  -  NONREACTING  - 


R/RD 

U  /UP 

V/UP 

U'/UP 

V'/UP 

$ 

AXIAL 

S 

RADIAL 

K 

AXIAL 

K 

RADIAL 

u'vyup* 

[x  1,000) 

-0.62 

o.  40 e 

0.062 

0.225 

0.121 

-0.67 

-0.67 

3.09 

2.  75 

0.7009 

-0.S3 

0.592 

0.040 

0.  221 

0.1  09 

-0.90 

-0.75 

3.41 

3.24 

1.5616 

-0.52 

J.567 

0.085 

0.  177 

0.1  17 

-0.83 

-0.73 

3.62 

3.25 

1.0864 

-O.M 

0.331 

0.024 

C.140 

0.075 

-0.94 

-0.99 

3.87 

4.47 

0.9949 

-0.41 

0.  POO 

0.0  47 

C.  128 

0.081 

-0.86 

-0.  78 

4.01 

3.93 

0.2503 

-0.30 

0.  990 

0.013 

0.082 

0.0  46 

-0.06 

-0.23 

2.62 

3.13 

0.1138 

-0.29 

0.  954 

0.023 

0.064 

0.050 

-0.14 

-0.17 

2.87 

3.16 

-0.0212 

-0.13 

1.063 

-0.001 

0.  077 

0.043 

-0.  1  8 

-0.16 

2.  73 

3.03 

0.1947 

-o.  ia 

1.04  0 

0.002 

0.063 

0.044 

-0.24 

-0.07 

2.82 

2.81 

0.0497 

—  0.0  f 

1.  139 

-0.002 

0.  062 

0.036 

-0.22 

-0.06 

2.74 

2.  71 

-0.0472 

-0.0  7 

1.09  7 

-0.007 

0*078 

0.053 

-0.32 

-0.00 

2.64 

2. 74 

0.0559 

0.01 

1.  121 

0.003 

C.  070 

O.OSO 

-0.20 

0.11 

2.91 

2.98 

-0.2354 

0.03 

1»  16  7 

0.003 

O.  06  5 

0.039 

-0.34 

-0.2  1 

3.42 

3.  18 

-0.0532 

0.05 

1.  139 

-0. C01 

0.061 

0.038 

-0.21 

-0.06 

3,09 

2.67 

0. 0241 

0.05 

1.099 

0.000 

0.  071 

0.052 

-0.29 

-0.07 

2.72 

3.03 

0.0152 

0.09 

i.  131 

-0.001 

0.063 

0.039 

-0.32 

-0.0  7 

3.03 

3.  18 

0. 01 66 

0.16 

1.069 

-0.000 

0.0  76 

0.040 

-0.21 

0.02 

2.79 

2.83 

-0.0658 

0.16 

1.  047 

-0.002 

0.061 

0.048 

-0.26 

-0.17 

2. 74 

2.87 

0.4707 

0.27 

1.003 

0.005 

0.085 

0.047 

-0.18 

-0.12 

2.84 

3.16 

0,0576 

0.23 

0.  56  0 

0.008 

0.  097 

0.058 

-0.2  1 

-0.18 

3.02 

2.96 

0.6576 

0.39 

0.  834 

0.030 

0.  138 

0.066 

-0.73 

-0.47 

3.49 

3.35 

0.8969 

0.39 

a.  748 

0.023 

0.  003 

0.001 

0.21 

0.15 

1  .98 

2.11 

-0.0004 

0.39 

0.  74  8 

0.023 

0*003 

0.001 

0.13 

0.22 

2.00 

2.04 

-0.0002 

0.39 

0.  724 

0.040 

0.  176 

0.094 

-0.72 

-0.32 

3.12 

2.S6 

1.8093 

0.45 

0.S1  7 

0.070 

0.227 

0.095 

-0.45 

-0.23 

2.63 

2.37 

0.3804 

AEDC-TR-79-79 


Table  A-1.  Continued 


LV  DATA  FOR  X/D  =  2.00  -  NONRKACTING  - 


R/RD 

U/UP 

V/UP 

U7UP 

V'/UP 

-0.31 

-0.079 

0.014 

0.  166 

0.095 

-0.  79 

-0.031 

0. 024 

0.214 

0.116 

-0.  72 

0.  06  7 

0.J39 

0.213 

0.127 

-D.u7 

0.206 

0.039 

0.234 

0.134 

-0.6l 

0.322 

0  .  a  36 

0.  221 

0.127 

-0.  55 

0.  43 9 

0.  J40 

0.211 

0.120 

-0. 50 

0.53d 

0.031 

0.  1  55 

3.117 

-0.44 

0.66  6 

0.024 

0.  1  75 

0.1  04 

-0.  11 

0.  7H2 

0  .  C  1  9 

0.  151 

0.006 

-0.  13 

0.  e74 

0.019 

C.  1  10 

0.066 

-0.37 

0*535 

0.014 

0.  092 

0.057 

-0.21 

0.975 

0.0  06 

0.07  7 

0.  047 

-0.15 

1.010 

0.006 

0.075 

0.045 

-0.  10 

1.039 

0.004 

C.  070 

0.343 

-0.04 

1.  05  6 

0.008 

0.073 

0.043 

0.  02 

I.C77 

-0.006 

0.067 

0.045 

0.04 

1. 062 

0.000 

0.  069 

0.042 

0.05 

1. 065 

-0.003 

0.  072 

0.044 

0.07 

1. 06  5 

-0.001 

O.  07  4 

0.044 

0.  1  3 

1.055 

0.001 

0.  077 

0.047 

0.  19 

1.015 

0.0  03 

0.  C69 

0.052 

0. 25 

0.995 

0.009 

0.102 

0.054 

0.30 

0.  92  3 

0.016 

0.  124 

0.065 

0.37 

0.  e45 

0.026 

0.159 

0.079 

0.42 

0.  76  0 

0.033 

0.  189 

0.095 

J.  43 

0.622 

0.032 

C.  22  1 

0.122 

S 

S 

K 

K 

U'V/UP2 

AXIAL 

RADIAL 

AXIAL 

RADIAL 

(x  1,000] 

0.47 

0.05 

2.27 

2.27 

2.3438 

0.34 

0.23 

2.  13 

2.26 

5.7737 

-0.19 

0.02 

2.08 

2.25 

6.4699 

-0.34 

-0.18 

2 .55 

2.  14 

6.5583 

-0.38 

-0.33 

2.91 

2.26 

7.4618 

-0.50 

-0.4  0 

3.04 

2.66 

4.871S 

-0.38 

-0.26 

2.62 

2.  47 

4.4896 

-0.78 

-0.54 

3.43 

3.05 

2.6319 

-0.84 

-0.72 

3.70 

3. 70 

3. 1396 

-0.62 

-0.59 

3.50 

3.70 

1 .0469 

-0.53 

-0.44 

3.58 

d  .49 

0.8690 

-0.17 

-0.13 

3.30 

2.92 

0.4807 

-0.09 

-0.01 

2  .69 

2.91 

0.4615 

-0.10 

-0.03 

2.84 

2*96 

0.2689 

-0.16 

0.04 

2.74 

2.98 

0.2269 

-0.25 

-0.09 

2.93 

2.84 

-0.1908 

-0.22 

0.06 

2.75 

2.82 

0 • 05 16 

-0.33 

-0.05 

2.95 

2.  79 

-0.0400 

-0.31 

-0.  14 

3.0? 

2.72 

0.1162 

-0.28 

0.05 

2.79 

2.95 

-0.0177 

-0.56 

-0.28 

3.49 

3.  14 

0.4685 

-0.84 

-0.28 

4.48 

3.28 

0.3044 

-0.95 

-0.40 

4.05 

3.43 

1.4333 

-0.92 

-0.23 

3.83 

2.97 

1.7376 

-0.87 

-0.28 

3.37 

2.92 

3.0493 

-0.61 

-0.36 

2.81 

2.  76 

6.4879 
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Table  A-1.  Continued 


LV  DATA  FOR  X/D  =  3.00  _  NONRE ACTING  - 


R/RD 

U/LIP 

V/UP 

U'/UP 

V'/UP 

s 

s 

K 

K 

U' V'/UP2 

axial 

RADIAL 

AXIAL 

RADIAL 

(x  1,000} 

-0-87 

-0. 182 

0.  136 

0.99 

4.02 

-0.8* 

-0.  156 

0.011 

0.  1  78 

0.084 

1.12 

0.70 

3.78 

2.97 

2.7296 

-0.  73 

-  0. 107 

0.017 

C.21  C 

0.1  09 

0.78 

0.42 

2.78 

2.60 

4.4891 

-0.  73 

-0.  04  Q 

0.0  26 

0.237 

0.1  17 

0.68 

0.40 

2.63 

2.38 

6.6678 

-0.67 

0*  032 

0.022 

0.249 

0.131 

0.29 

0.33 

2.06 

2.25 

8.0290 

-0.61 

0.194 

0.042 

0.  26  1 

0.140 

-0.07 

-0.  18 

2.24 

2.14 

7.4885 

-0. 55 

0.297 

0.030 

0.276 

0.143 

-0.15 

-0.10 

2.45 

2.  10 

7.484 1 

-0.50 

0.  36  7 

0.036 

C.  293 

0.140 

-0.29 

-0.22 

2.49 

2.38 

8  .  1  4  74 

-0.  4* 

0.492 

0.014 

0.279 

0 .132 

-0.45 

-0*33 

2.54 

2.42 

8. 3497 

-0.38 

0.  630 

0.015 

0.244 

0.121 

-0.6  7 

-0.42 

2.69 

2.95 

5.2292 

-0. 32 

0.  779 

0.015 

0.  204 

0.086 

-1  .20 

-0.61 

4.11 

3.  19 

2.9879 

-0.27 

0.  64  5 

0.003 

0.  16  1 

0.0  78 

-1  .  13 

-0.72 

4.16 

3.46 

1.9200 

-0.21 

0.955 

0.002 

0.  108 

0.064 

-0.79 

-0.68 

3.90 

3.61 

0.4790 

-0. 15 

0.986 

0.001 

0.077 

0.054 

-0.41 

-0.38 

3.16 

3.44 

0.3782 

-0.  10 

1.027 

0.008 

0.  072 

0.050 

-0.25 

0.04 

3.39 

3.60 

0.2316 

-0.04 

1.031 

-0.002 

0.  07  0 

0.047 

-0.32 

-0.06 

2.86 

2.94 

-0.0007 

0.02 

1.  042 

0.003 

C.  070 

0.050 

-0.18 

-0.20 

3.01 

3.27 

0. 1329 

0.04 

1. 046 

0.003 

0.  069 

0  a  04  B 

-O.  1  7 

-0.16 

2.85 

3.10 

-0.0269 

0.05 

1.  041 

-0.001 

0.071 

0.048 

-0.42 

-0.07 

3.69 

3.11 

-0.1 046 

0.07 

1.027 

-0.005 

0.  C79 

0.052 

-0.63 

-0.30 

3.99 

3.35 

0.2122 

0.  13 

0.995 

0.003 

0.  095 

0.061 

-0.96 

-0.39 

4.66 

3.49 

0.3577 

0.  IQ 

0.S65 

0.008 

0.  109 

0.057 

-0.91 

-0.34 

3.90 

3,05 

0.4968 

0.25 

0.903 

0.000 

0,  155 

0.0/5 

-1  .03 

-0.61 

3.75 

3.35 

0.  7202 

0.30 

0.  63  0 

0.011 

0.  168 

0.076 

-0.90 

-0.2a 

3  .48 

2.86 

0.3860 

0.36 

0.  762 

0.005 

C.225 

0.1  10 

-0.57 

-0.60 

2.80 

2.95 

0.6279 

0.42 

0.625 

0.007 

0.211- 

0.122 

-0.41 

-0.54 

2.59 

3.06 

1.6833 

0.49 

0.548 

C.010 

o.2i  a 

0.131 

-0.  1  9 

-0.28 

2.4  1 

2.54 

0.4293 
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Table  A-1 .  Continued 


LV  DATA  FOR  X/D  =.  4.01 

R/RD  U/UP  V/UP 


-■  NON  REACTING  - 

U'/LIP  V'/UP  S  S  K 

AXIAL  RADIAL  AXIAL 


K 

RADIAL 


U'V’/UP2 

(x  1,000) 


Lrt 

00 


-0.93 

-  0. 095 

0.  165 

-0.93 

-0.  079 

o.oie 

0.  ISC 

O.OSO 

-0.8A 

-0.004 

0.037 

0.224 

0.128 

-0.78 

0.  051 

0.033 

0.224 

0.133 

-0.  72 

0.093 

0.  035 

0.237 

0.131 

-0.66 

0.  19  7 

0.049 

0.242 

0.  ISO 

-0.61 

0.  21  8 

0.026 

0.25S 

0.149 

-0.S5 

0.  248 

0.037 

0.  268 

3.146 

-0.49 

0.  381 

0.044 

0.264 

0.1  58 

-0.44 

0.  479 

0.037 

0.265 

0.153 

-0.  J8 

0.61  0 

0.023 

0.254 

0.122 

-0.32 

0.  666 

0.013 

0.  261 

0.126 

-0.26 

0.  775 

0.010 

0.  226 

0.1  12 

-0.21 

0.870 

0.003 

0.  187 

0.089 

—  0.  IS 

0.922 

-0.000 

0. 153 

0*081 

-0.  09 

0.953 

-0.001 

C.  122 

0.077 

-0.04 

0.963 

0.000 

0.  093 

0.073 

-0.02 

1.003 

0.001 

0.  087 

0.067 

-0.00 

0.  989 

-0.000 

0.  090 

0.061 

0.  02 

■  -0. SSI 

0.003 

0.  C99 

0.062 

0.07 

0.944 

0.002 

0.121 

0.071 

0.  14 

0.896 

-0.002 

C.  150 

0.081 

0.  19 

0.  648 

-0.000 

0.  162 

0.090 

0.25 

0.  765 

-0.001 

0.  204 

0.1  00 

0.31 

0.6  66 

0.006 

O.  196 

0.112 

0.36 

0.591 

-0.002 

0.222 

0.115 

0.42 

0.49  7 

0.0  05 

0.  208 

0.1  31 

0.72 

2.92 

0.70 

0.62 

2.66 

3.  06 

0.3846 

0.38 

0.32 

2.24 

2.42 

2.0609 

0.13 

0.14 

2.07 

2.21 

2.8123 

0.20 

0.08 

2.30 

2.12 

2.1961 

0.07 

-0.0  1 

2.42 

2.09 

2.0922 

0.04 

-0.05 

2*42 

2.07 

1.4028 

-0.14 

-0.20 

2.38 

2.26 

1 .3072 

-0.19 

-0.  16 

2.68 

2.12 

0.9884 

-0.34 

-0.29 

2.38 

2.33 

1.6310 

-0.60 

-0.52 

2. 74 

2.93 

2.38SS 

-0.71 

-0.47 

2.85 

3.00 

1 . 3569 

-1.03 

-0.56 

3.36 

3.43 

0.8779 

-1*52 

-0.81 

5.37 

3.87 

1 . 82 1 S 

-1.77 

-0.37 

6.81 

3.40 

1.0126 

-1  .62 

-0.52 

6.71 

4.01 

0.4283 

-1.17 

-0.01 

5.52 

3.95 

-0.0126 

-0.62 

-0.10 

4.09 

3.33 

0.3031 

-1  .29 

0.14 

5.95 

3.15 

-0.0352 

-l  .39 

-0.14 

6.10 

3.52 

0.2279 

-1.41 

-0.28 

5.74 

3.37 

0,1257 

-1  .25 

-0.59 

4.68 

3.  77 

0.1151 

-1.01 

-0.78 

3.79 

3.  78 

0.5264 

-0.74 

-0.53 

2.96 

3.  10 

0.6479 

-0.55 

-0.54 

2.72 

3.00 

1.9818 

-0.25 

-0.36 

2.44 

2.63 

0. 7045 

-0.12 

-0.49 

2.42 

2.80 

2.4333 
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Table  A-1.  Continued 


LV  DATA  FOR  X/D  =  5,00  _  NONREACTING  - 


R/RD 

U/UP 

V/UP 

U'/UP 

vyup 

5 

S 

K 

K 

U'V/LIP2 

AXIAL 

RADIAL 

AXIAL 

RADIAL 

(x  1,000) 

-0.91 

0.  051 

0.0  34 

C.  188 

0.106 

0.12 

l  .01 

2.33 

4*01 

0.8063 

-0.94 

0.  132 

0.C45 

0.157 

0.131 

-0.07 

0  •  30 

2.45 

2.40 

0.7458 

-0.  78 

0.  1SS 

0 . 037 

0.  157 

0.135 

-0.06 

0.10 

2.38 

2.14 

1.5210 

-0.72 

0.  199 

0.049 

0.208 

3.133 

0.06 

0.01 

2.67 

2.17 

1.6336 

-0.67 

0.251 

0.041 

0.208 

0.143 

0.02 

-0.04 

2.70 

2.26 

0.9593 

-0.61 

0.31  3 

0.042 

0.207 

0.141 

-0.06 

-0.10 

2.6V 

2.16 

0.3445 

-0.61 

0.  326 

0.045 

0.225 

0.147 

-0.03 

-0.19 

2.55 

2.25 

2.9721 

-0.55 

0.382 

0.039 

0.221 

0.140 

-0.04 

-0.16 

2.52 

2.  17 

2. 1399 

-0.49 

0.  414 

0.031 

0.238 

0.148 

-0.12 

-0.23 

2.38 

2.23 

0.6678 

-0.44 

0.  450 

0.026 

0.236 

0.147 

-0.02 

-0.  17 

2.26 

2.25 

1.6069 

-0.38 

0.556 

0.032 

0.  235 

0.132 

-0  ,09 

-0.14 

2.33 

2.48 

-0.0259 

-0.32 

0.630 

0.  031 

0.231 

0.131 

-0.42 

-0.29 

2.54 

2.56 

1 . 7088 

-0.27 

0.  70 C 

0.017 

0.224 

0.131 

-0.76 

-0.31 

3.04 

Z.S8 

1.5710 

-0.21 

0.  727 

0.015 

0.222 

0.1  34 

-0,79 

-0.27 

2.69 

2.83 

2.1018 

-0.15 

0.  768 

0.015 

0.205 

0.121 

-0.80 

-0.12 

2.89 

2.88 

-0.0043 

-0.10 

0.84  1 

0.004 

0.  182 

0.1  1  l 

-1 .01 

-0.21 

3.60 

2.76 

-0.1273 

-0.04 

0.831 

-0.001 

0.191 

0.106 

-1.00 

0.04 

3.49 

2.96 

0.6266 

-0.02 

0.864 

0.012 

0.157 

0.115 

-0.88 

0.27 

3.39 

3.37 

-0.0225 

-0.00 

o.ese 

0.005 

0.  156 

0.120 

-0.84 

0.  1  5 

3.18 

3.41 

0.0170 

0.  02 

o.eso 

0.003 

0.  165 

0.114 

-1.04 

-0.12 

3.87 

3.  22 

-0.4898 

0.08 

0.836 

0.0  03 

0.  165 

0.108 

-1.02 

-0.24 

3.73 

3.22 

0.8895 

0.13 

0.804 

-0.002 

0.  185 

0.115 

-0.77 

-0.30 

2.98 

2.95 

0.2061 

0.19 

0.743 

0.017 

0.  189 

0.115 

-0.74 

-0.34 

3.12 

2.95 

0.9812 

0.25 

0.  712 

0.012 

0.  202 

0.1  20 

-0.67 

-0.47 

2.84 

2.98 

1.4847 

0.31 

0.  626 

0.028 

0.  168 

0.117 

-0*46 

-0.26 

2.66 

2.80 

1 .1693 

0.36 

0.572 

0 .028 

0.20  1 

0.121 

-0.26 

-0.33 

2.37 

2.68 

1.1535 

0.42 

0.498 

0.039 

0.201 

0.128 

-0.18 

-0.36 

2.49 

2.64 

-0.6580 
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Table  A-1.  Concluded 


o 


LV  DATA  FOR  X/0  =  6.03  _  NON  REACTING  - 


R/ftD 

U/UP 

V/UP 

U'/UP 

V'/UP 

-0.88 

0.  167 

-0.000 

0.072 

0.043 

-0.82 

0*  402 

0.015 

o.  oaa 

0.106 

-0.76 

0.  22  1 

0.019 

C.  130 

0 . 09 0 

-0.  72 

0.260 

0.031 

0.  149 

0.111 

-0.65 

0.275 

0.039 

C.  130 

0.092 

-0.59 

0.323 

0 .012 

0.150 

0*1  04 

-0.5* 

0.  393 

0.038 

0.  163 

0.116 

-0.49 

0.423 

0. 02  0 

0.  162 

0.1  12 

-0.42 

0.43  3 

0.024 

0.  162 

0.120 

-0.  16 

0.50  7 

o.oie 

0.  174 

0.111 

-0.31  - 

0.  SO  7 

0.010 

0.  155 

0.1  16 

-0.25 

0.61  l 

0.022 

0.  193 

0.110 

-0.  19 

0,66  0 

0.015 

O.  133 

O.t  15 

-0.  19 

0.  643 

0.032 

0.  196 

0.125 

-0.13 

0 . 67d 

-0 .0C9 

0.  194 

0.115 

-0.07 

0.  716 

0.01  0 

0.  1  79 

0.111 

-0.00 

0.  700 

-0.001 

0.171 

o .  i  oa 

0.00 

0.688 

-0.007 

0.  163 

0.1  21 

0.04 

0.  702 

0.010 

0.  174 

0.112 

0.  15 

0.67  3 

0.012 

0.  1  76 

0.1  10 

0.27 

0.604 

0.019 

0.  1  S3 

0.113 

0.  33 

0.51  7 

0.032 

0.  187 

0.121 

0.45 

0.  146 

0.004 

0.C53 

0.041 

S 

S 

K 

K 

U'V'/UP2 

AXIAL 

RADIAL 

AXIAL 

RADIAL 

(x  1,000) 

-0.24 

-o.oa 

2.26 

1.85 

-0.2536 

t  .03 

-0.04 

3.32 

1  .86 

-0.0614 

-0.30 

-0.07 

2.69 

1,95 

0.8310 

-0.13 

-0.  1  7 

2.61 

2.05 

0.5719 

-0.25 

0.09 

2.47 

2.02 

0.2364 

-0.10 

-0.07 

2.16 

2.5B 

0.2952 

-0.14 

-0.30 

2.26 

2.06 

0.3930 

-0.09 

-0.33 

2.30 

2.18 

0.7917 

-0.21 

-0.18 

2.35 

2.10 

0.2682 

-0.26 

-0.13 

2.27 

2.29 

1 .3848 

-0.45 

-0.27 

2.42 

2.43 

0.6073 

-0.32 

-0.31 

2.4  1 

2.25 

0.8531 

-0.35 

-0.19 

2.27 

2.  19 

1.3126 

-0.30 

-0.21 

2.39 

2. SO 

0.3018 

-0.28 

-0.40 

2.42 

2.40 

0.3640 

-0.40 

-0.03 

2.42 

2. 30 

0.0616 

-0.32 

-0.19 

2*18 

2.  13 

0.7903 

-0.43 

0.07 

2.62 

2.90 

0.6285 

-0.27 

0.04 

2.  16 

2.26 

0.3825 

-0.12 

-0.01 

2.15 

2.28 

-0.8634 

-0.05 

-0.03 

2.23 

2.13 

1 .4706 

0.07 

-0.02 

2.23 

2.  10 

1.6731 

0.16 

0.14 

2.60 

2.54 

-0.1017 
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Table  A-2.  Nonreactive  Hydrogen  Mass  Fraction  and  Total  Pressure 


X/D 

0 


0.5 


1.0 


R/Rn 

X/D 

r/rd 

fH 

PT 

0.03 

0.001 

14.79 

2. 

,0 

0.02 

0.0030 

14.38 

0.09 

0.001 

14.77 

0.12 

0.0030 

14.18 

0.14 

0.001 

14.75 

0.24 

0.0040 

13.99 

0.19 

0.001 

14.  72 

0.35 

0.0050 

— 

0.24 

0.001 

14.66 

0.46 

0.0050 

13.80 

0.29 

0.001 

14.54 

0.57 

0 . 0060 

13.71 

0.34 

0.001 

14.46 

0.67 

0.0060 

13.65 

0.39 

0.002 

14.  24 

0.75 

0.0050 

13.62 

0.44 

0.011 

13.70 

0.83 

0.0050. 

13.61 

0.49 

0.024 

13.51 

0.90 

0.0060 

— 

0.54 

0.024 

13.51 

1.00 

0.0060 

13.61 

0.60 

0.028 

13.51 

0.65 

0.028 

13.51 

3. 

0 

0.02 

0.0047 

13.95 

0.69 

0.033 

13.52 

0.13 

0.0048 

13.96 

0.74 

0.029 

13.52 

0.23 

0.0048 

13.87 

0.79 

0.024 

13.52 

0.33 

0.0050 

13.86 

0.84 

0.028 

13.53 

0.44 

0.0051 

13.80 

0.87 

0.028 

13.52 

0.53 

0.0051 

13.77 

0.93 

0.028 

13.52 

0.62 

0.0050 

13.73 

0.96 

0.024 

13.51 

0,73 

0.0052 

13.72 

1.00 

0.020 

13.51 

0.83 

0.0050 

13.71 

0.94 

0.0053 

13.71 

0.03 

0.001 

14.73 

1.00 

0.0052 

13.68 

0.08 

0.001 

14.78 

0.13 

0.001 

14.73 

4. 

0 

0.02 

0.0050 

13.82 

0.23 

0.001 

14.64 

0.13 

0.0050 

13.82 

0.33 

0.003 

14.38 

0.23 

0.0050 

13.82 

0.45 

0.008 

13.80 

0.34 

0.0050 

13.80 

0.57 

0.120 

13.55 

0.43 

0.0050 

13.79 

0.67 

0.120 

13.52 

0.52 

0.0049 

13.80 

0.76 

0.110 

13.52 

0.63 

0.0050 

13.78 

0.81 

0.120. 

13.51 

0.73 

0.0050 

13.77 

0.91 

0.120 

13.53 

0.81 

0.0050 

13.77 

1.00 

0.150 

13.55 

0.93 

0.0050 

13.77 

1.00 

0.0050 

13.76 

0 

0.002 

14.74 

0.13 

0.001 

14.70  . 

5. 

0 

0.03 

0 . 0050 

13.78 

0.23 

0.002 

14.51 

0.12 

0.0049 

13.79 

0.32 

0.004 

14.  18 

0.23 

0.0050 

13.78 

0.44 

0.007 

13.83 

0.33 

0.0050 

13.79 

0.54 

0.007 

13.63 

0.43 

0,0050 

13.79 

0.62 

0.007 

13.59 

0.53 

0.0051 

13.78 

0.75 

0.007 

13.53 

0.64 

0,0050 

13.78 

0.81 

0.007 

13.52 

0.73 

0.0050 

13.79 

0.90 

0.008 

13.54 

0.82 

0.0050 

13.80 

1.00 

0.008 

13.55 

0.90 

0.0051 

13.79 

1  .00 

0.0051 

13.78 

6. 

.0 

0.02 

0.0050 

13.78 

Hote:  PT  =  psla 
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Table  A-3.  Reactive  Hydrogen  Mass  Fraction  and  Total  Pressure 


X/D 

0 


0.5 


1.0 


2.0 


3.0 


R/Rp 

Z« 

X/D 

r/Rd 

Zh 

0.35 

0 

3 

0 

0.34 

0.00B 

0.42 

0.023 

0.42 

0.015 

0.45 

0.025 

0.45 

0.014 

0.51 

0.022 

0.52 

0.018 

0.57 

0.021 

0.57 

0.020 

0.64 

0.024 

0.64 

0.022 

0.70 

0.015 

0.72 

0.025 

0.77 

0.019 

0.78 

0.023 

0.90 

0.019 

0.91 

0.023 

0.99 

0.029 

0.99 

0.022 

0.21 

0 

4 

0 

0.03 

0.001 

0.26 

0 

0.12 

0.002 

0.35 

0.005 

0.20 

0.003 

0.42 

0.021 

0.26 

0.005 

0.46 

0.029 

0.34 

0.007 

0.52 

0.034 

0.41 

0.009 

0.58 

0.032 

0.45 

0.011 

0.71 

0.032 

0.51 

0.013 

0.79 

0.030 

0.59 

0.013 

0.89 

0.033 

0.64 

0.016 

0.99 

0.031 

0.71 

0.017 

0.78 

0.014 

0.29 

0.002 

0.89 

0.017 

0.42 

0.016 

0.99 

0.017 

0.45 

0.021 

0.50 

0.035 

5 

.0 

0.02 

0.003 

0.57 

0.037 

0.06 

0.003 

0.64 

0.037 

0.18 

0.004 

0.71 

0.031 

0.27 

0.006 

0.78 

0.031 

0.34 

0.007 

0. 92 

0.032 

0.41 

0.008 

0.99 

0.035 

0.44 

0.009 

0.51 

0.009 

0.19 

0.001 

0.57 

0.011 

0.27 

0.002 

0.62 

0.011 

0.34 

0.006 

0.71 

0.010 

0.41 

0.011 

0.77 

0.010 

0.46 

0.015 

0.88 

0.012 

0.52 

0.024 

0.99 

0.014 

0.57 

0.027 

0.64 

0.033 

6 

.0 

0.03 

0.005 

0.71 

0.037 

0.29 

0.006 

0.78 

0.036 

0.41 

0.007 

0.90 

0.036 

0,45 

0.007 

0.99 

0.035 

0.51 

0.008 

0.56 

0.008 

0.02 

0 

0.62 

0.008 

0.06 

0.001 

0.70 

0.009 

0.  15 

0.001 

0.78 

0.009 

0.20 

0.003 

0.90 

0.009 

0.29 

0.006 

0.99 

0.009 
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Table  A-3.  Continued 


X/D 

0 


0.5 


1.0 

1.0 


fl 

X/D 

*'V 

0 

14.83 

1. 

0 

0.11 

14.77 

0. 04 

14.83 

0.17 

14.74 

0.08 

14.82 

0.21 

14.69 

0. 13 

14.81 

0.25 

14.64 

0.17 

14.78 

0.28 

14.58 

0.22 

14.72 

0.33 

14.43 

0.27 

14.65 

0.39 

14.20 

0.30 

14.61 

0.42 

14.06 

0.35 

14.49 

0.45 

13.92 

0.38 

14. 3B 

0.48 

13.82 

0.41 

14.22 

0.62 

13.60 

0.44 

13.88 

0.77 

13.57 

0.46 

13.62 

0.84 

13.56 

0.48 

13.57 

1.00 

13.57 

0.54 

13.56 

2 

0 

0.59 

13.56 

0 

14.78 

0.64 

13.56 

0-04 

14.77 

0.70 

13.57 

0.09 

14.75 

0.76 

13.56 

0. 16 

14.69 

0.80 

13.56 

0.23 

14.56 

0.83 

13.57 

0.30 

14.34 

0.88 

13.57 

0.33 

14.28 

0.92 

13.56 

0.39 

14.04 

0.97 

13.57 

0.45 

13.89 

1.00 

13.56 

0.49 

13.83 

0.56 

13.71 

0-.  01 

14.82 

0.61 

13.67 

0.07 

14.82 

0.67 

13.62 

0.12 

14.81 

0.75 

13.61 

0.17 

14.77 

0.94 

13.59 

0.23 

14.72 

1 .00 

13.59 

0.29 

14.64 

3. 

0 

0.33 

14.52 

0.01 

14.68 

0.37 

14.36 

0.04 

14.70 

0.39 

14.21 

0.07 

14.63 

0.42 

14.03 

0.  13 

14.56 

0.45 

13.87 

0.18 

14.46 

0.48 

13.74 

0.22 

14.37 

0.54 

13.64 

0.27 

14.21 

0.64 

13.58 

0.31 

14.14 

0.72 

13.57 

0.36 

14.01 

0.83 

13.58 

0.40 

13.92 

0.87 

13.57 

0.44 

13.83 

0.93 

13.57 

0.52 

13.73 

0.98 

13.57 

0.63 

13.67 

0.70 

13.67 

0.02 

14.80 

0.80 

13.63 

0.06 

14.79 

0.94 

13.62 

1.00 

13.63 

Note:  >=  psia 


63 


AEDC-TR-79-79 


Table  A-3.  Concluded 


X/D  R/Rp 

4.0  0.01 

0.06 
0.09 
0.12 
0.16 
0.19 
0.23 
0.27 
0.32 
0.38 
0.46 
0.52 
0.58 
0.69 
0.79 
0.93 
1.00 

5.0  0.01 

0.03 
0.09 
0.13 
0.20 
0.23 
0.27 
0.30 
0.35 
0.41 


PT  X/D 

14.50  5.0 

14.49 

14.49 

14.39 

14.37 

14.34 

14.19 

14.15 

14.04 

13.09 

13.83  6.0 

13.73 

13.68 

13.63 

13.62 

13.62 

13.61 

14.19 

14.20 
14.18 
14.15 
14.09 
14.06 
14.02 
13.96 
13.88 
13.85 


R/RP 

It 

0.48 

13.79 

0.54 

13.73 

0.60 

13.74 

0.63 

13.71 

0.69 

13.69 

0.77 

13.70 

r0.86 

13,66 

0.95 

13.67 

1  .00 

13.66 

0.04 

13.96 

0,08 

13.97 

0.11 

13.95 

0.14 

13.97 

0.18 

13.93 

0.22 

13.89 

0.25 

13.89 

0.29 

13.86 

0.34 

13.86 

0.40 

13,80 

0.47 

13.77 

0.54 

13.76 

0.60 

13.76 

0.68 

13.72 

0.77 

13.71 

0,85 

13.68 

0,94 

13.70 

1 .00 

13.67 

Note:  P,j,  “  psia 
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Table  A-4.  Wall  Static  Pressure  Distribution 


X/D 

Nonreactive 

Ap,  psf 

Reactive 
Ap,  psf 

0 

0 

0 

0.14 

-0.43 

0 

0.33 

-0.86 

0 

0.52 

-0.86 

0 

0.71 

-1.58 

0 

0.90 

-1.82 

0 

1.10 

-0.05 

1.51 

1.29 

2.26 

2.45 

1.48 

4.90 

1.37 

1.67 

8.11 

1.80 

1.86 

11.18 

2,38 

2.05 

14.35 

2.66 

2.24 

17.33 

3,  10 

m 

-a* 

CM 

20,45 

4.97 

2.62 

23.33 

4.82 

2.81 

25.34 

5.18 

X/D 

Nonreactive 

Ap,  psf 

React  ivi 
Ap,  psf 

3.00 

27.89 

5.69 

3.  19 

30.77 

7.70 

3.38 

30.91 

7.78 

3.57 

32.30 

8.93 

3.76 

33.02 

9.79 

3.95 

34.37 

11.09 

4.  14 

34.27 

12.24 

4.33 

34.42 

13.18 

4.52 

34.70 

14.85 

4.64 

34.75 

15.12 

4.76 

34.75 

16.20 

5.06 

34.99 

17.86 

5.18 

35.04 

18.72 

5.48 

35.14 

20.52 

5.86 

35.14 

22.39 

6.05 

35.14 

23.62 
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Table  A-5.  Laser- Raman  Temperature  (°R) 


X/D 

0 


1 


2 


h 

X/D 

0.02 

574 

3 

1 

0 

626 

0.19 

597 

0.10 

596 

0.39 

590 

0.20 

578 

0.43 

623 

0.29 

727 

0.57 

949 

0.39 

745 

0.63 

1,136 

0.47 

994 

0.66 

1,402 

0.56 

1,346 

0.71 

1,287 

0.66 

1,100 

0.76 

1,571 

0.77 

1,496 

0.81 

1,433 

0.85 

1,514 

0.87 

1,453 

' 

0.97 

1,544 

Q  .90 

1,166 

0.95 

1,276 

< 

0.02 

630 

0.19 

684 

0.02 

571 

0.39 

959 

0.10 

581 

0.47 

887 

0.1B 

571 

0.57 

1,098 

0.28 

580 

0.68 

1.092 

0.38 

664 

0.76 

1,301 

0.48 

702 

0.87 

1,237 

0.57 

1 ,220 

0.94 

1,289 

0.63 

1,697 

0.68 

1,656 

> 

0 

aos 

0.72 

2.026 

0. 19 

844 

0.77 

2,044 

0.37 

914 

0.81 

2,313 

0.58 

94B 

0.84 

1,846 

0.76 

1,026 

0.69 

2,174 

0.96 

977 

0.95 

2,540 

( 

> 

0.02 

891 

0 

608 

0.06 

898 

0.004 

581 

0.09 

942 

0.14 

668 

0.14 

952 

0.16 

592 

0.20 

961 

0.30 

599 

0.24 

952 

0.45 

1,010 

0.28 

965 

0.55 

1,168 

0.39 

956 

0.65 

1,642 

0.48 

675 

0.71 

1,384 

0.57 

931 

0.75 

1,758 

0.67 

1,001 

0.60 

1,371 

0.76 

91B 

0.86 

1,885 

0.86 

1,049 

0.90 

1,904 

0.94 

1,978 
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APPENDIX  B 
CHEMISTRY  MODEL 


A  EDC-TR-79-79 


R.  P.  Rhodes 


In  order  to  calculate  free-stream  gas  properties  in  a  potentially  reacting  system  from 
total  pressure,  static  pressure,  and  gas  compositon,  the  following  assumptions  were  made: 

1.  There  is  a  unique  relationship  between  elemental  composition  and  total 
enthalpy.  In  this  analysis,  both  gases  were  introduced  near  room 
temperature,  where  Hx  is  0  and  all  mixtures  were  assumed  to  have  an  Hx 
of  0;  Hx  is  defined  by: 


where 


ft  =  Moles/g  of  species  i 
Cpj  =  Molar  specific  heat  of  species  i 
T  =  Static  temperature 
u  =  Velocity 

Tr  =  Reference  temperature  for  the  enthalpy 
Hr  =  Heat  of  formation  of  species  i 


(B-l) 


2.  The  state  of  reaction  is  known.  Calculations  were  made  assuming  both 
frozen  (unreacted)  and  equilibrium  (completely  reacted)  gases. 

3.  The  compression  process  from  the  free  stream  to  stagnation  presure  on  the 
probe  tip  is  isentropic  and  chemically  frozen. 

4.  Composition  of  air  is  assumed  to  be  0.2095  mole  fraction  O2  and  0.7905 
mole  fraction  N2 . 
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5.  The  static  pressure  is  assumed  constant  with  duct  radius  and  equal  to  the 
measured  wall  value. 

6.  The  gas  mixtures  are  thermally  perfect. 

Given  the  pressure,  enthalpy,  and  chemical  composition,  the  computer  program  of 
Ref.  20  was  used  to  calculate  the  gas  properties.  The  program  may  be  run  assuming 
either  frozen  chemistry,  in  which  case  the  species  partial  pressures  are  required,  or 
equilibrium  chemistry  using  the  molar  ratios  of  the  elements. 

The  gas  properties  are  calculated  by  the  following  procedure: 

1.  From  the  mass  fraction  of  elemental  hydrogen,  compute  the  moles/unit 
mass  of  each  element, 

=  a  jj/ 1-008 

0O  =  0.2095(1  -  «H)/ 16  (B-2) 

=  0.7905  ( 1  -  )  /  14.008 

These  variables  are  input  to  the  gas  properties  program  for  the  equilibrium 
calculation.  For  the  frozen  calculation,  the  partial  pressures  of  H2,  O2, 
and  N2  are  required.  For  the  gas  constituents  being  considered,  the 
moles/unit  mass  (0)  of  the  molecules  is  ‘/:/3  of  the  element,  and: 

P  ^  P/3,/?  jSL  (B-3) 

I 

where  is  is  each  species. 

2.  A  velocity  is  assumed  and  the  static  enthalpy  is  calculated  from: 

H  =  Ht  -  u2/2  l  (B-4) 

3.  The  remaining  free-stream  properties  including  entropy  (S2)  are  calculated 
from  the  free-stream  enthalpy,  the  measured  static  pressure,  and 
composition  using  the  gas  properties  program  described  in  Ref.  1 8. 
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4.  An  estimate  of  the  total  pressure  is  obtained  from  the  isentropic 
relationship: 

PTj  =  p(l  +■  M2)y/Cy_1)  (B-5) 

using  the  Mach  number  and  7  from  the  calculations  in  Eq.  (B-3).  The 
entropy  (S|)  is  then  calculated  using  the  gas  properties  program  with 
frozen  composition,  PT  from  Eq.  (B-5),  .and  Hj.  Since,  for  an  adiabatic 
system, 

Pt2/PTi  =  Exp  [  —  (S2 -  ST )  W/Rg]  (B-6) 

the  total  pressure  P72  corresponding  to  the  isentropic  compression  at  S2 
may  be  obtained  from  Eq.  (B-6). 

5.  Steps  2  to  4  are  repeated  with  a  new  value  of  u  obtained  from  (unew  - 
U„,d)  ~  (pTmeasuicd  -  pt o id )/(Pu)oid  until  (Unew  -  U0id)  is  less  than  1 
ft/sec.  The  gas  properties  obtained  in  step  3  on  the  final  iteration  are 
taken  to  be  the  free-stream  properties. 
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NOMENCLATURE 

A  Mass  flow  rate  of  air,  lbm/sec 

B<j>  Bias  of  the  parameter  (4>),  units  of  <t> 

D  Duct  diameter,  5.24  in. 

F  Mass  flow  rate  of  fuel  (hydrogen),  lbm/sec 

Fh  Hydrogen  mass  fraction,  total  hydrogen  mass/total  mass 

f  Frequency,  Hz 

K  Coefficient  of  Kurtosis  (Ref.  21) 

K.u,  Kv  Fringe  spacing,  ft  x  1  O'6 

Nrc  Reynolds  number  based  on  primary  jet  radius 

P  Pressure,  psia 

AP  Difference  between  wall  static  pressure  at  station  X  and  station  zero,  psf 

R  Radius,  in. 

Rg  Universal  gas  constant  1,545  ft-lbf/lb-mole-°R 

S  Coefficient  of  skewness  (Ref.  21) 

S$  Precision  index  of  the  parameter  ($),  units  of  <l> 

T  Temperature,  °R 

U<£  Uncertainty  in  the  parameter  (<t»),  units  of  $ 

u  Mean  axial  velocity,  ft/sec 

u'  Root-mean-square  fluctuating  velocity,  ft/sec 

u'/iip  Axial  turbulence  intensity 

uV  Shear  stress  correlation 

W  Molecular  weight  of  the  mixture,  lbm/mole 
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v  Mean  radial  velocity,  ft/sec 

v'  Root-mean-square  fluctuating  velocity,  ft/sec 

v'/up  Radial  turbulence  intensity 

X  Axial  coordinate  measured  from  primary  nozzle  exit  locatipn,  in, 

X].  s  Axial  location  of  the  forward  stagnation  point  on  the  duct  wall  (Fig.  1) 

Xrs  Axial  location  of  the  rear  stagnation  point  on  the  duct  wall  (Fig.  1) 

an  Mass  fraction  of  elemental  hydrogen 

(3i  Parameter,  moles/gm  of  species  i 

7  Ratio  of  specific  heats 

/i  Dynamic  viscosity,  Ibm/ft-sec 

£  Measured  parameter  which  defines  <t> 

p  Density.  lbm/ft3 

Dummy  parameter,  scalar 

Subscripts 

1 ,2  Arbitrary  stations  in  iteration  scheme 

A  Argon 

c  Centerline 

D  Duct 

H  Hydrogen 

i  Arbitrary  chemical  species 

N  Nitrogen 

O  Oxygen 

p  Primary  jet  property 
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r  Reference  value 

s  Secondary 

T  Total  or  stagnation  conditions 
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